s 

551.68 
U 1 4  S  v 


III 


ate  of  morrmnA  pctivities  in  the  high 

PLflinS  COOPERATIVE  PROGRflfT):  I975-I980j 


-  PLEASE  RETUR 


fflfe 


iimtwsM^ 


Prepared  for 

U.S.  Bureau  of  Reclamation 

Under  Contract  14-06-D-7577 


mm  BOCUMEfTTS  COLLECTION 


JAN  5    198 


MONTANA  STATE  LIBftAftY 

1515  E.  6th  AVE. 
HELENA,  MONTANA  5?620 


Montana  Department  of  Natural  Resources  and  Conservation 


MONTANA  STATE  LIBRARY 

S551.68U14sm  1981  C.1 

State  of  Montana  activities  in  the  High 


3  0864  00041235  6 


FINAL  REPORT 
Under  Contract  Number  14-06-D-7577 


STATE  OF  MONTANA  ACTIVITIES  IN 

THE  HIGH  PLAINS  COOPERATIVE 

PROGRAM:   1975-1980 


Prepared  for 
Bureau  of  Reclamation 
U.S.  Department  of  the  Interior 
Denver,  Colorado  80225 


Prepared  by 
Montana  Department  of  Natural  Resources  and  Conservation 
Water  Resources  Division 
32  South  Ewing 
Helena,  Montana  59620 


April  1981 


Digitized  by  the  Internet  Archive 
in  2013 


http://archive.org/details/stateofmontanaac1981moyr 


7-2090  (4-81) 
Water  und  Power 


TECHNICAL  REPORT  STANDARD  TITLE  PAGE 


1.     REPORT    NO. 


2.    GOVERNMENT  ACCESSION  NO. 


3.      RECIPIENT'S  CATALOG    NO. 


4.     TITLE   AND   SUBTITLE 


5.      REPORT    DATE 


State  of  Montana  Activities  in  the  High  Plains 
Cooperative  Program:   19  75-1980 


6.      PERFORMING   ORGANIZATION   CODE 


7.     AUTHOR(S) 

Gerhard  M.  Knudsen  and  Richard  M.  Moy,  et  al , 


8.      PERFORMING   ORGA  NIZ  A  TION 
REPORT    NO. 


9.      PERFORMING   ORGANIZATION   NAME   AND    ADDRESS 

Montana  Department  of  Natural  Resources  and 

Conservation 
Water  Resources  Division 
32  South  Ewing,  Helena,  MT   59620 


10.  WORK  UNIT  NO. 


11.  CONTRACT  OR  GRANT  NO. 


14-06-D-7577 


12.  SPONSORING  AGENCY  NAME  AND  ADDRESS 

Bureau  of  Reclamation  (USDI) 

Office  of  Atmospheric  Resources  Research 

P.O.  Box  25007,  DFC 

Denver,    CO      80225 


13.      TYPE    OF    REPORT    AND   PERIOD 
COVERED 


Final   Report 


14.  SPONSORING  AGENCY  CODE 


SUPPLEMENTARY  NOTES 


i6.  abstract  Efforts  of  the  State  of  Montana  in  the  Miles  City  area  of 
eastern  Montana  which  pertain  to  the  High  Plains  Cooperative  Program  (HIPLEX) 
of  Project  Skywater  are  reported.   Activities  dealing  with  meteorological 
aspects  of  the  program  included:   (1)  establishment  and  operation  of  rain- 
gage  networks  and  collection  of  precipitation  data;  (2)  acquisition  and 
reduction  of  certain  weather  radar  data;  (3)  evaluation  of  raingages ,  rain- 
gage  networks  and  rainfall  data;  (4)  conduct  of  precipitation  climatology 
studies;  and  (5)  assisting  with  developmental,  operational  and  analytical 
aspects  of  a  portable  automated  weather  station  network. 

Associated  impact  assessment  studies  were  conducted  which  were  designed  to 
estimate  the  potential  effects  of  warm  season  weather  modification  on  major 
ecosystems  of  the  Northern  High  Plains.   Using  treatments  which  simulated 
a  range  of  potential  precipitation  regimes,  assessments  were  made  of:   (1) 
grassland  yield  and  quality  responses;  (2)  potential  invading  plants;  (3) 
invasion  of  pest  species;  (4)  beneficial  organism  responses;  (5)  wind  ero- 
sion; and  (6)  species  composition. 

Activities  needed  to  facilitate  public  involvement  in  HIPLEX  were  main- 
tained since  the  outset  of  the  program.   The  nature  and  scope  of  these 
activities  is  discussed. 


17.     KEY  WORDS   AND   DOCUMENT    ANALYSIS 

a.     DESCRIPTORS-- 


HIPLEX,  weather  modification,  rainfall  climatology,  rainfall  measurement, 
mesoscale  weather  data,  rangeland  vegetation,  vegetation-moisture 
relations,  vegetation  sampling. 


b.     IDENTIFIERS- 


CQSATI  F  ielc/Group 


COWRR: 


SRIM 


18.     DISTRIBUTION   STATEMENT 

Available  from  the  National  Technical  Information  Service,  Operations 
Division,  5285  Port  Royal  Road,  Springfield,  Virginia    22161. 


19.    security  c  lass 

(THIS  REPORT) 

UNCLASSIFIED 


20.     SECURITY   CLASS 
(THIS    PAG  E> 
UNCLASSIFIED 


21  .     NO.    OF    PAGES 


22.      PRICE 


287 


GPO    83  1  -  3  16 


NOTICES 


Many  of  the  studies  discussed  in  this  document  are  on-going  in  nature  and 
the  results  must  be  considered  as  being  preliminary.   Individuals  wishing  to 
cite  or  otherwise  use  any  of  the  information  should  obtain  permission  from  the 
author(s)  of  the  particular  study  or  studies  involved. 

The  mention  of  trade  names  in  this  document  does  not  constitute  endorsement 
of  the  products  by  the  Montana  Department  of  Natural  Resources  and  Conservation 
or  the  USDI  Bureau  of  Reclamation. 


TABLE  OF  CONTENTS 

Page 

ACKNOWLEDGEMENTS 1 

CHAPTER  I .   INTRODUCTION   3 

CHAPTER  II .   METEOROLOGICAL  STUDIES  7 

PART  I .  INTRODUCTION   7 

PART  II . SURFACE  RAINFALL  DATA  ACQUISITION   8 

A .  SURFACE  RAINGAGE  NETWORKS  8 

1 .  Raingage  Network  Operations  -  1975 8 

2 .  Raingage  Network  Operations  -  1976 16 

3 .  Raingage  Network  Operations  -  1977 19 

B.  SURFACE  RAINFALL  DATA  REDUCTION 

AND  MANAGEMENT 21 

1 .  Data  Reduction 21 

2 .  Precipitation  Records  Management 24 

PART  III .    WEATHER  RADAR  DATA  ACQUISITION 24 

A .  WEATHER  RADAR  OPERATIONS 24 

B.  WEATHER  RADAR  DATA  REDUCTION 

AND  MANAGEMENT 25 

PART  IV .   SURFACE  RAINFALL  EVALUATIONS 25 

A.   RAINGAGE,  RAINFALL  AND  RAINGAGE 

NETWORK  ASSESSMENTS  25 

1 .  Raingage  Intercomparisons  25 

2.  Comparison  of  Digitized  and  Manual 

Rainfall  Data  Processing 28 

3.  Improving  the  19  76  Montana  HIPLEX 

Precipitation  Data  Base  29 

4.  "Worst  case"  Convective  Complex  Study  29 

5.  Estimating  the  Raingage  Density 

Requirement 29 


n 


B .  RAINFALL  EVALUATIONS 31 

1.  Rainfall  Occurrences  by  Cloud  Type 31 

2.  Rain  Cell  Classification  Through  Rainfall 

Evaluation 32 

C .  PRECIPITATION  CLIMATOLOGY  STUDIES 33 

1 .  Convective  Complex  Climatology 33 

2.  Climatology  of  Mountain-Generated  Storms 33 

3.  Rainfall  Climatology  of  Eastern  Montana  34 

4.  Convective  Complex  Rainfall  Climatology  34 

5  .   Hail  Climatology 34 

PART  V.    MESOSCALE  SURFACE  WEATHER  INVESTIGATIONS 35 

A .  INTRODUCTION . 35 

B.  MESONET  WEATHER  STATION  DESIGN  AND  PRELIMINARY 

TESTING  35 

1.  Mesonet  Station  Design. 35 

2 .  Preliminary  Mesonet  Station  Testing  37 

3 .  Mesonet  Field  Testing 44 

PART  VI .     LITERATURE  CITED 57 

CHAPTER  III .   PUBLIC  INVOLVEMENT  IN  MONTANA  HIPLEX. 61 

PART  I .     INTRODUCTION  61 

PART  II .    PUBLIC  INVOLVEMENT  ACTIVITIES 61 

A.  PUBLIC  INFORMATION  AND  EDUCATION 61 

1 .   Public  Presentations 61 

2  .   Media  Coverage  . 62 

3  .   General  Activities 62 

B .  PUBLIC  INTERACTION 63 

1 .  Citizen  Advisory  Groups  63 

2 .  Public  Forums  64 


in 


CHAPTER  IV.   ASSOCIATED  IMPACT  ASSESSMENT  STUDIES  65 

PART  I .     INTRODUCTION  65 

PART  II .    PROBLEM  ANALYSIS 65 

A .  LITERATURE  REVIEW  65 

B .  CRITERIA  FOR  FOCUSING  THE  PROBLEM  ANALYSIS 66 

PART  III .   RESEARCH  PLAN 67 

PART  IV .    PROJECT  STATUS 68 

PART  V.     SYNTHESIS  AND  DISCUSSION  71 

A.  HYPOTHESES  ON  TEMPORAL  EFFECTS  OF  WARM- 
SEASON  CLOUD  SEEDING 72 

B.  SUMMARY  OF  ASSOCIATED  IMPACT  EXPERIMENTS 

AND  RESULTS  73 

1 .  Yield  and  Quality  Response 74 

2 .  Invading  Plants  75 

3 .  Endangered  Species 76 

4.  Pest  Invasion 76 

5  .   Beneficial  Organism  Response 77 

6 .   Wind  Erosion 78 

PART  VI .   LITERATURE  CITED 79 

PART  VII .  INDIVIDUAL  RESEARCH  REPORTS  81 

A.  THE  EFFECTS  OF  WEATHER  MODIFICATION  ON  NORTHERN 
GREAT  PLAINS  GRASSLANDS:   A  PRELIMINARY 

ASSESSMENT 83 

B.  EFFECT  OF  SUPPLEMENTAL  WATER  ON  ABOVEGROUND 

YIELD  OF  RANGE  GRASSES 99 

C.  SHORT-TERM  RESPONSES  OF  AGROPYRON 
SMITHII  VEGETATION  TO  SIX  WATER 

REGIMES  107 

D.  WEATHER  MODIFICATION  AND  GRAZING  EFFECTS  ON 
MONTANA  SHORT-GRASS  RANGELAND  VEGETATION: 

A  THREE -YEAR  FIELD  EXPERIMENT  USING  IRRIGATION 

AND  MOWING 133 


IV 


E.  VEGETATIONAL  DIFFERENCES  ON  NATIVE  RANGE 

DURING  38  YEARS  IN  EASTERN  MONTANA 173 

F.  EFFECTS  OF  INCREASED  RAINFALL  ON  NATIVE 

FORAGE  PRODUCTION  IN  EASTERN  MONTANA 185 

G.  EFFECT  OF  SUPPLEMENTAL  WATER  ON 
MYCHORRHIZAL  INFECTION  RATES  IN  DRY 

GRASSLANDS 199 

H.   BELOWGROUND  DECOMPOSITION  RATES  IN 
IRRIGATED  AND  UNIRRIGATED  BOUTELOUA 
GRACILIS  AND  AGROPYRON 
SMITHII  GRASSLANDS 205 

I.   EFFECTS  OF  ADDED  WATER  ON  SOIL 

NEMATODE  POPULATIONS 213 

J.   ABOVEGROUND  PEST  ATTACK  INVOKED  BY  SIMULATED 
RAINSHOWERS  IN  AN  AGROPYRON 
GRASSLAND  221 

K.   SHORT-GRASS  RANGELAND  ARTHROPOD  COMMUNITY 
RESPONSE  TO  PERTURBATION:   EFFECTS  OF 
WATER  AND  MOWING  ON  DENSITY  227 

L.   PROLINE  AND  VALINE- -CUES  WHICH  STIMULATE 
GRASSHOPPER  HERB IVORY  DURING  DROUGHT 
STRESS?  247 

M.   EVAPOTRANSPIRATION  FROM  SMALL  IRRIGATED 

PLOTS  '. 253 

N.   GROWTH  RESPONSE  OF  AGROPYRON 
SMITHII  AND  BOUTELOUA 
GRACILIS  TO  WATER  AND  GRAZING 
TREATMENTS 261 

0.   THE  EFFECT  OF  SINGLE  SHOWER  EVENTS  ON 

YIELDS  OF  AGROPYRON  SMITHII  267 

P.   DISTRIBUTION  OF  ROOT  BIOMASS  IN  WELL 

DRAINED  SURFACE  SOILS  275 

APPENDIX  I.   PROBLEM  ANALYSIS  OF  IMPACTS  ASSOCIATED 

WITH  SUMMERTIME  WEATHER  MODIFICATION: 

BIBLIOGRAPHY  OF  LITERATURE  REVIEWED  281 

APPENDIX  II.   LIST  OF  AUTHORS  285 


v 


ACKNOWLEDGMENTS 

Fulfilling  Montana's  role  in  the  High  Plains  Cooperative  Program  (HIPLEX) 
required  a  dedicated  effort  from  the  people  who  worked  on  behalf  of  the 
Department  of  Natural  resources  and  Conservation;  a  number  of  these  individuals 
are  recognized  as  authors  of  sections  in  this  report.   Yet  there  are  others  who 
made  substantial  contributions  to  our  many  achievements  and  we  wish  to 
gratefully  acknowledge  their  assistance.   Among  them  are  the  following 
clerical,  technical  and  professional  personnel:   Laura  Brewster,  Wade  Carlson, 
Tom  Corona,  Herb  Craig,  Bob  DeLange ,  Richard  Dunning,  Diane  Donnelly,  Donna 
Elser,  Linda  Grunenfelder ,  Dayle  Haglund,  Marvin  Krader,  Lori  Lamphear ,  Denis 
Leidholt,  Marian  Ludlow,  Martin  Lynam,  Robert  McGraw,  Tim  McQuire,  Mary  McMinn, 
Karen  Morris,  Myra  Munday,  Rosemary  Rowe ,  Mary  Jo  Stabio,  Sarah  Norman,  Ron 
Stoeckle,  Ann  Losinski  Weatheralt,  Bob  Yaw,  and  Tom  Zuelke. 

Close  coordination  and  assistance  from  the  Bureau  of  Reclamation  and  its 
many  HIPLEX  contractors  was  essential  to  the  accomplishment  of  our  numerous 
tasks.   We  wish  to  acknowledge  their  help  and  that  our  efforts  were  aided 
substantially  by  this  spirit  of  cooperation.   It  is  with  gratitude  that  we  note 
the  cooperation  received  from  Bureau  of  Reclamation  personnel  stationed  in 
Miles  City  and  Denver.   We  particularly  wish  to  recognize  Arlin  Super  for  his 
leadership  and  helpful  consultation  on  all  aspects  of  our  work. 

The  HIPLEX  study  area  encompasses  a  substantial  portion  of  eastern  Montana 
and  is  home  for  a  large  number  of  people.   We  are  grateful  for  the  welcome  that 
has  been  extended  to  us  and  for  the  continuing  support  we  have  received  from 
those  residents.   We  especially  wish  to  thank  the  many  public  and  private 
landowners  who  permitted  us  to  site  various  research  installations  on  their 
land.   The  U.S.  Department  of  Agriculture  deserves  particular  recognition  for 
allowing  us  to  conduct  our  long-term  biological  studies  on  the  Livestock  and 
Range  research  station  near  Miles  City.   Without  their  cooperation  and  that  of 
all  the  other  landowners,  it  would  have  been  impossible  to  complete  many  of  our 
critical  research  assignments. 

A  very  special  "thank  you"  is  extended  to  the  Miles  City  community  for 
serving  as  a  gracious  host  to  HIPLEX.   The  support  and  assistance  received  from 
countless  groups  and  individuals  in  the  area  has  been  invaluable,  and  enabled 
us  to  bring  our  work  to  a  timely  and  efficient  conclusion.   Among  the  community 
groups  that  deserve  special  recognition  for  their  supportive  efforts  are  the 
Miles  City  Chamber  of  Commerce,  Miles  City  Airport  Commission,  radio  stations 
KATL  and  KIKC,  and  TV  station  KYUS ,  the  Custer  County  Commissioners,  and  the 
Miles  City  Flight  Service  Station  (Federal  Aviation  Administration) .   The  Miles 
Community  College  has  also  been  a  very  important  supporter  and  has  graciously 
allowed  us  to  use  their  facilities  on  many  occasions.   We  wish  to  thank  John 
Koch  and  Glen  Cameron  of  its  staff  for  their  dedication  to  the  HIPLEX  program 
and  their  direct  participation  in  several  aspects  of  our  work. 

During  the  course  of  our  involvement  with  HIPLEX,  a  number  of  community 
leaders  from  throughout  the  study  area  have  served  as  formal  and  informal 
advisors.   Their  participation  has  been  important  to  the  success  of  the  Montana 
HIPLEX  operations,  and  has  led  to  a  wider  acceptance  and  understanding  of  the 
program.   Among  this  special  group  of  individuals,  Walt  Ulmer,  Les  Hirsch,  Bill 
Mathers  and  Carol  South  of  Miles  City  are  deserving  of  the  highest  praise. 
They  are  highly  respected  community  leaders  whose  assistance  and  dedication  has 
contributed  immeasurably  to  the  success  of  the  HIPLEX  program. 


The  production  of  this  report  was  an  undertaking  that  required  critical 
contributions  from  several  people  with  diverse  talents.   Included  are  Dan 
Nelson  and  D.  C.  Howard  who  prepared  the  graphic  material,  and  Peggy  Todd,  the 
technical  editor  for  this  document.   Finally,  a  "thank  you"  can  hardly  express 
our  gratitude  to  Cheryl  Cordier  who  had  the  complex  task  of  typing  the 
manuscript . 


CHAPTER  I.  INTRODUCTION 

by 
R.  Moy 


Over  175  years  ago  Thomas  Malthus,  an  eighteenth  century  agricultural 
economist,  stated  that  population  grows  exponentially,  while  food  production 
increases  at  a  linear  rate.   Although  repeated  cries  of  famine  have  been  heard 
since  that  time,  the  evolution  of  agricultural  technology  has  permitted  less- 
developed  countries  to  increase  food  production  at  rates  that  are  commensurate 
with  population  growth--a  trend  which  must  continue  if  widespread  food 
shortages  are  to  be  avoided.   Authors  of  an  article  in  the  April  16,  1976, 
issue  of  Science  , entitled  "Balancing  Energy  and  Food  Production;  1975-2000", 
projected  a  world  population  increase  from  3.86  billion  in  mid-1973  to 
somewhere  between  6.0  and  7.1  billion  in  the  year  2000.   It  was  also  suggested 
that  the  world  food  requirements  in  2000  will  be  88  percent  greater  than  in 
1970  and  that  intercontinental  food  shipments  from  the  United  States  and  Canada 
are  expected  to  more  than  double  between  1970  and  1985.   In  light  of  this 
projection,  it  seems  certain  that  the  demand  for  Montana's  agricultural 
production  will  continue. 

Agriculture  is  Montana's  primary  industry  and  the  largest  contributor  to 
state  income.   It  constitutes  the  single  greatest  land  use  --  over  58  million 
acres,  much  of  which  is  in  the  eastern  two-thirds  of  the  state.   However,  since 
eastern  Montana  is  classified  as  semi-arid,  the  frequent  lack  of  rainfall 
during  the  growing  season  can  lead  to  reduced  crop  yields  and  livestock 
production.   Therefore,  if  increased  amounts  of  rainfall  can  be  provided  by 
cloud-seeding  techniques  it  may  be  possible  to  realize  a  substantial 
strengthening  of  the  state's  agricultural  economy.   An  agricultural  economist 
at  Montana  State  University  evaluated  the  potential  economic  impacts  of  weather 
modification  on  the  High  Plains  of  Montana  and  determined  that  a  ten  percent 
increase  in  growing  season  rainfall  should  result  in  an  approximate  ten  percent 
increase  in  small  grain  yields  in  Montana  --  an  attractive  prospect,  given  the 
world  food  shortage. 

The  science  of  inducing  rain  from  summer  convective  cloud  systems  over  the 
semi-arid  High  Plains  region  is  not  well  understood.   There  are  many 
uncertainties  concerning  the  efficacy  and  predictability  of  precipitation 
enhancement  programs  as  well  as  their  impacts  on  natural  and  agricultural 
ecosystems  and  the  people  who  live  in  that  area.   To  reduce  these 
uncertainties,  and  recognizing  the  potential  benefits  of  additional  growing 
season  moisture  on  agricultural  production,  the  Bureau  of  Reclamation,  through 
the  Division  of  Atmospheric  Resources  Research,  initiated  the  High  Plains 
Cooperative  Program,  commonly  known  as  HIPLEX. 

HIPLEX,  coordinated  by  the  Bureau  of  Reclamation,  is  a  cooperative  research 
endeavor  involving  many  state  and  local  agencies,  as  well  as  university  and 
private  groups.   The  primary  objective  of  the  program  is  to  develop  a 
practical,  scientifically  sound  and  socially  acceptable  technology  for 
increasing  and  managing  growing  season  precipitation  from  convective  cloud 
systems  over  the  High  Plains.   This  region  extends  from  the  Gulf  States  into 


Canada,  and  the  cloud  physics  and  associated  precipitation  processes  are  known 
to  vary  across  the  area.   Accordingly,  to  assure  proper  development  of  this 
technology  for  ultimate  use  over  the  entire  High  Plains,  the  Bureau  of 
Reclamation  chose  three  experimental  sites  representing  the  northern  (Miles 
City,  Montana),  central  CColby-Goodland,  Kansas),  and  southern  High  Plains  (Big 
Spring-Snyder ,  Texas).   The  State  of  Montana,  through  the  Department  of  Natural 
Resources  and  Conservation,  has  been  involved  with  activities  at  the  Miles  City 
site . 

Scientists  have  learned  a  great  deal  since  the  initiation  of  HIPLEX  in 
Miles  City  during  1974.   The  first  four  years  were  spent  studying  the  physical 
changes  of  natural  clouds  throughout  their  life  cycle  in  eastern  Montana  and 
conducting  calibration  seeding  trials  to  determine  the  appropriate  seeding 
agent,  rate  and  delivery  mode.   These  data  provided  the  basis  for  formulating 
the  hypotheses  needed  to  begin  a  randomized  seeding  experiment  of  cumulus 
clouds.   That  experiment,  designated  as  HIPLEX- 1,  began  in  June,  1979  and  was 
continued  through  the  summer  of  1980.   These  relatively  small  cumulus  clouds, 
classified  as  cumulus  congestus ,  or  more  commonly  towering  cumulus,  generally 
produce  little  or  no  rain  naturally.   However,  it  is  necessary  to  understand 
the  rain  formation  processes  in  these  clouds  before  attempting  to  develop  a 
verified  technology  for  the  larger  convective  complexes  that  account  for  much 
of  the  High  Plains  rainfall.   The  hypothesis  being  tested  is  that  both  the 
probability  and  amount  of  rainfall  will  be  increased  by  means  of  ice-embryo 
seeding  for  microphysical  effects.   Each  physical  step  of  the  rain  formation 
process  is  specified  in  advance  and  tested  by  observations  during  the  course  of 
the  experiment. 

During  the  past  two  years,  HIPLEX  scientists  have  been  preparing  for  a  new 
experiment  in  1981  termed  the  Cooperative  Convective  Precipitation  Experiment 
or  CCOPE .   HIPLEX  personnel  will  postpone  completion  of  the  HIPLEX- 1  research 
and  join  scientists  from  a  variety  of  agencies  and  organizations  as  well  as 
several  other  countries  to  conduct  the  largest  field  research  experiment  of  its 
kind  in  the  world.   Coordination  of  this  study  will  be  a  cooperative  venture 
between  the  Bureau  of  Reclamation  and  the  National  Center  for  Atmospheric 
Research.   During  the  course  of  this  research,  scientists  will  study  the  entire 
life  span  of  summer  clouds,  from  their  birth,  through  the  rain  production  stage 
to  their  natural  demise.   The  major  natural  processes  which  lead  to  rain  and 
hail  will  receive  the  focus  of  their  attention. 

In  addition  to  the  meteorological  research  effort,  other  HIPLEX  scientists 
have  been  studying  the  short-  and  mid-term  consequences  of  additional  rainfall 
on  rangeland  and  agricultural  ecosystems.   Specifically,  they  have  been 
determining  what  storm  characteristics,  such  as  seasonal  distribution, 
frequency,  intensity  and  quantity  of  rainfall,  are  most  beneficial  for  society, 
agriculture  and  the  environment. 

Montana  has  been  involved  with  HIPLEX  since  1974  under  Cooperative 
Agreement  No.  14-06-D-7577  between  the  Bureau  and  the  Department.   Under  that 
agreement,  the  Bureau  awarded  the  Department  a  total  of  $1,749,335  for  the 
five-year  period  ending  on  April  30,  1981.   As  set  forth  in  that  agreement  the 
Department  dealt  with  the  following  primary  aspects  of  HIPLEX  research: 

1.   Assisting  in  the  design  of  HIPLEX  research; 


2.  Investigating  and  evaluating  the  social,  agricultural,  environmental 
and  economic  impacts  and  benefits  of  the  HIPLEX  research  and  rainfall 
augmentation  programs  in  semi-arid  eastern  Montana; 

3.  Providing  an  independent  analysis  and  evaluation  of  HIPLEX 
meteorological  data  with  an  emphasis  on  state  and  local  interests;  and 

4.  Conducting  a  public  involvement  program  under  which  HIPLEX  information 
is  disseminated  to  the  public  and  guidance  is  sought  from  Montanans 
regarding  the  research. 

In  fulfilling  these  responsibilities,  the  Department  HIPLEX  staff  and  its 
contractors  have  undertaken  a  variety  of  tasks  and  studies.   The  resulting 
accomplishments  have  been  summarized  in  the  following  chapters:   Meteorological 
Studies  --  Chapter  II;  Public  Involvement  in  Montana  HIPLEX  --  Chapter  III;  and 
Associated  Impact  Assessment  Studies  --  Chapter  IV; 

In  Chapter  II,  Meteorological  Studies,  the  discussion  is  partitioned  into 
four  broad  areas  that  encompass  the  Department's  meteorological  assignment  in 
HIPLEX:  surface  raingage  data  acquisition,  weather  radar  data  acquisition, 
surface  rainfall  evaluation,  and  mesoscale  surface  weather  investigations. 
Most  of  the  tasks  and  analyses  described  in  this  chapter  are  an  integral  part 
of  the  overall  meteorological  research  effort  of  HIPLEX.   These,  along  with 
those   tasks  and  analyses  assigned  to  the  many  other  groups  involved  in  HIPLEX, 
provided  a  very  logical  and  evolutionary  sequence  of  studies  culminating  in  the 
randomized  seeding  experiment  of  towering  cumulus  clouds  (HIPLEX-1).   The  work 
was  also  needed  in  preparing  for  the  1981  CCOPE  experiment.   Most  of  the 
activities  described  in  this  chapter  have  been  reported  elsewhere  and  are 
therefore  only  summarized  here. 

The  discussion  in  Chapter  III,  Public  Involvement  in  Montana  HIPLEX,  deals 
with  the  effort  to  improve  citizen  awareness,  understanding,  and  support  of  the 
HIPLEX  research.   The  rationale  for  these  activities  was  that  the  public  must 
be  afforded  opportunities  to  participate  in  HIPLEX.   If  this  participation  is 
to  be  effective  there  must  be  an  understanding  of  the  program,  and  its  goals, 
research  methodologies  and  findings. 

The  public  information  and  education  tasks  were  varied,  and  ranged  from 
conducting  tours  of  the  HIPLEX  facilities  to  discussing  the  program  at  numerous 
public  gatherings.   Department  staff  published  a  regular  HIPLEX  newsletter, 
developed  special  news  releases  and  participated  in  media  interviews  as  further 
ways  of  conveying  information  to  eastern  Montana  residents.   Citizen 
interaction  was  encouraged  at  public  meetings  during  which  HIPLEX  staff  members 
regularly  entertained  comments  and  suggestions  about  the  program.   Such 
meetings  were  valuable  for  learning  of  citizen  reactions  to  HIPLEX.   The 
interaction  that  occurred  at  these  public  meetings  was  bolstered  by  the  creation 
of  a  citizen  advisory  council  whose  general  function  was  to  serve  as  a  liaison 
between  the  HIPLEX  program  and  residents  of  eastern  Montana.   During  meetings 
of  the  council,  members  were  given  comprehensive  briefings  on  all  aspects  of 
HIPLEX  and  were  able  to  interact  directly  with  research  personnel.   Members 
also  served  as  points  of  contact  for  citizens  seeking  information  on  the  HIPLEX 
program  or  wishing  to  convey  a  concern  to  the  researchers.   Near  the  conclusion 
of  the  agreement  period,  the  Department  worked  with  Miles  Community  College  to 
obtain  National  Science  Foundation  funding  for  a  series  of  public  forums  on 


weather  modification.   Through  this  project  citizens  of  eastern  Montana  will  be 
provided  with  information  needed  to:  (1)  deal  objectively  with  weather 
modification,  (2)  play  an  active  role  in  the  design  and  conduct  of  HIPLEX 
research,  and  (3)  effectively  participate  in  the  development  of  a  state  policy 
regarding  summertime  weather  modification.   This  on  going  effort  is  being 
coordinated  by  Miles  Community  College  and  will  be  concluded  in  1982. 

The  final  portion  of  this  report.  Chapter  IV,  focuses  upon  the  ecological 
research  that  was  designed  to  quantify  and  qualify  the  changes  that  might  occur 
with  a  successful  growing  season  precipitation  augmentation  program  over  the 
High  Plains  of  eastern  Montana.    At  the  onset  of  HIPLEX,  Bureau  of  Reclamation 
personnel  emphasized  the  importance  of  combining  an  evaluation  of  the  impacts 
and  benefits  of  precipitation  augmentation  programs  on  the  environment, 
agriculture,  economy  and  society  of  the  High  Plains  with  the  development  of  a 
technology  for  enhancing  growing  season  rainfall  over  this  area.   The  many 
interdisciplinary  studies  conducted  within  the  individual  High  Plains  states 
and  funded  by  the  Bureau  of  Reclamation  exemplify  the  Bureau's  concerns.   These 
studies,  with  those  reported  in  the  problem  analysis  section  of  Chapter  IV, 
enabled  the  Department  to  design  the  necessary  research  program. 

The  final  strategy  used  by  the  Department's  ecological  researchers 
emphasized  the  effects  of  increased  rainfall  on  the  rangeland  and  agricultural 
ecosystems  of  eastern  Montana.   The  studies  were  primarily  designed  to  address 
the  short-term  impacts  of  cloud  seeding.   Short-term  effects  may  be  classified 
as  those  immediate  physiological  and  reproductive  responses  of  endemic  species 
which  generally  occur  during  the  first  few  years  of  additional  rainfall.   Two 
other  studies  addressed  the  mid-term  effects  on  native  rangeland  production. 
The  mid-term  effects  of  additional  rainfall  on  native  rangeland  are  generally 
those  changes  in  composition  and  other  ecosystem  processes  caused  by  a  change 
in  competition  due  to  a  decrease  in  water  stress.   Most  of  the  studies, 
therefore,  were  designed  as  five-year  studies  which  emphasized  short-term 
production  ecology  of  economically  significant  forage  and  crop  species.   Aside 
from  assessing  the  impacts  of  additional  moisture  by  cloud  seeding,  the  studies 
were  also  designed  to  inform  HIPLEX  meteorologists  of  the  season,  amount  and 
frequency  of  rainfall  needed  to  maximize  production  with  the  least  amount  of 
environmental  degradation. 

An  article  titled  "The  Environmental,  Economic,  and  Social  Impacts  of 
HIPLEX- 1  on  the  Study  Area  of  Eastern  Montana",  published  by  the  Bureau  of 
Reclamation  in  the  document  entitled  "The  Design  of  HIPLEX-l"  (April  1979) 
suggested  that  the  studies  accomplished  to  date  should  adequately  cover  the 
impacts  of  the  HIPLEX-l  experiment  --  the  randomized  seeding  of  towering 
cumulus  or  cumulus  congestus  clouds.   However,  before  an  areawide  experiment  or 
operational  cloud  seeding  project  can  begin  in  the  High  Plains,  HIPLEX 
scientists  will  need  more  information  on  the  mid-term  and  long-term  impacts  of 
additional  rainfall  on  land-use  patterns,  ecosystem  processes,  saline  seep 
problems,  and  sociological  and  economic  concerns  ,  both  direct  and  indirect. 
This  assertion  was  affirmed  by  the  vegetation  committee  at  the  1977  Skywater  IV 
Conference  who  felt  that  the  long-term  impacts  or  consequences  of  cloud  seeding 
programs  must  be  determined  and  quantified.   Further,  in  the  perspective 
section  of  the  conference  proceedings,  Howell  states,   The  most  important 
question  raised  by  precipitation  management  is  that  of  the  long-term  impacts  if 
application  of  the  technology  under  development  becomes  widespread  and 
prolonged . " 


CHAPTER  II.   METEOROLOGICAL  STUDIES 

By 

J.  Boatman,  T.  Engel,  J.  Heimbach,  L.  Holman,  and  J.  Mclnerney 

PART  I.  INTRODUCTION 

The  Department's  role  in  the  meteorological  portion  of  the  HIPLEX  research 
has  varied  and  has  evolved  with  the  program.   During  the  first  three  years  of 
HIPLEX,  the  state  was  largely  involved  with  the  acquisition  of  surface  rainfall 
and  weather  radar  data  from  within  the  study  area.   Along  with  the 
responsibility  for  all  operational  aspects  of  the  raingage  networks,  Department 
personnel  also  examined  the  effectiveness  of  several  raingage  systems  and 
configurations.   Activity  with  the  Skywater  SWR-75  radar  concentrated  on  the 
operation  and  maintenance  of  the  system  and  the  reduction-mapping  of  radar  data 
products.   To  assure  that  both  types  of  information  were  reliable  and  available 
for  subsequent  analysis,  a  substantial  effort  was  aimed  at  the  reduction  and 
management  of  rainfall  data  acquired  during  the  1975,  1976  and  1977  field 
seasons . 

Aside  from  collecting  portions  of  the  data  base  needed  for  the  overall 
HIPLEX  research  effort,  Department  staff  also  assisted  with  the  analysis  of 
several  data  sets.   Most  of  this  work  involved  assessments  of  rainfall  data 
that  encompassed  three  broad  areas  of  study.   The  first  group  of  studies 
included  evaluations  of  the  reliability  and  accuracy  of  instruments  used  to 
obtain  rainfall  data.   In  addition,  these  studies  examined  the  effectiveness  of 
various  raingage  configurations  and  densities,  as  well  as  the  means  to 
accurately  reduce  and  archive  the  acquired  data.   Evaluations  of  the  second 
type  of  studies  were  concerned  with  the  definition  of  raincells  and  the  types 
of  clouds  that  produced  rain  during  the  growing  season.   The  final  group  of 
evaluations  dealt  with  the  development  of  various  precipitation  climatologies. 
These  studies  included  a  general  climatology  of  eastern  Montana,  as  well  as 
specific  examinations  of  convective  complex  climatologies  and  the  climatology 
of  mountain-generated  storms.   Hail  was  the  object  of  another  climatological 
study  that  produced  criteria  for  suspending  research  seeding  missions  during 
severe  weather. 

During  the  latter  portion  of  the  agreement  period,  the  Department 
meteorological  staff  shifted  its  effort  to  the  investigation  of  mesoscale 
surface  weather.   Most  of  this  work  focused  upon  the  design,  testing  and 
operation  of  state-of-the-art  portable  automated  weather  stations  needed  to 
collect  the  mesoscale  data.   Working  in  concert  with  the  Bureau,  the  Department 
assisted  with  the  development  of  design  criteria  for  the  stations  and  the 
conduct  of  a  preliminary  testing  program.   In  1980,  following  the  establishment 
of  a  network  configuration  and  station  siting  criteria,  the  Department 
conducted  an  operational  field  test  of  a  network  of  stations.   This  test 
permitted  an  assessment  of  the  stations  under  field  operating  conditions  and 
provided  the  Department  with  the  experience  needed  to  operate  a  much  expanded 
network  during  the  1981  CCOPE  program.   Further,  it  enabled  the  staff  to 
develop  reliable  field  service  and  operation  procedures,  as  well  as  computer 
software  needed  for  routine  data  handling  and  analysis. 


The  discussion  in  this  chapter  is  generally  presented  as  a  chronology  of 
those  HIPLEX  meteorological  activities  undertaken  by  the  Department  since  the 
program's  inception  in  Montana.   Such  activities  commenced  with  the  operation 
of  a  raingage  network  in  1975  and  concluded  with  the  1980  operational  field 
testing  of  24  portable  automated  weather  stations.   The  results  of  studies  that 
emanated  from  the  rainfall  measurement  efforts  have  been  summarized;  more 
detailed  discussions  may  be  found  in  the  specific  reports  that  are  cited.   The 
mesoscale  studies  are  only  now  getting  under  way  and  most  of  the  work  to  date 
has  involved  the  development  and  testing  of  a  system  for  measuring  mesoscale 
surface  weather  parameters.   Therefore,  the  results  of  any  specific  mesoscale 
studies  are  not  reported  at  this  time. 

PART  II.   SURFACE  RAINFALL  DATA  ACQUISITION 

A.   SURFACE  RAINGAGE  NETWORKS 

The  HIPLEX  program  was  designed  to  resolve  the  uncertainties  of  summer 
precipitation  management  and  included  the  surface  measurement  of  precipitation. 
Since  the  primary  HIPLEX  experimental  site  was  located  at  Miles  City,  Montana, 
a  surface  raingage  network  was  designed,  and  installed  in  eastern  Montana 
during  1975   to  monitor  rainfall  from  experimental  cloud  systems.   Besides 
planning  for  the  network,  work  was  done  on  the  design  and  conduct  of  comparison 
studies  associated  with  rainfall  measurement.   Most  of  these  studies  were 
designed  to  gain  a  better  understanding  of  precipitation  measurement  techniques 
and  equipment  as  well  as  to  assure  proper  management  of  the  acquired 
precipitation  data.   The  studies  were  initiated  in  the  summer  of  1975  and 
continued  through  the  summer  of  1977.   The  studies  for  each  of  the  three  field 
seasons  are  discussed  in  the  following  sections. 

1.   Raingage  Network  Operations  -  1975 

a.  Objectives  -  The  basic  surface  raingage  network  established  during  the  1975 
summer  field  season  was  sustained  through  the  three-year  operational  period, 
with  certain  modifications  discussed  in  later  sections  of  this  report.   The 
general  objectives  of  operating  the  raingage  network  were: 

1.  to  determine  rainfall  catch  as  a  function  of  height  above  ground  level 
for  various  types  of  raingages; 

2.  to  verify  radar  reflectivity-rainfall  rate  (Z-R)  relations  in 
conjunction  with  two  C-band  radars  located  in  the  HIPLEX  experimental 
area  and  provide  various  rainfall  statistics  necessary  to  design  future 
randomized  seeding  experiments; 

3.  to  investigate  attenuation  errors  in  the  C-band  radar  measurements  and; 

4.  to  understand  better  the  reliability  of  two  prototype  raingage  systems 
(ERTS  and  memory  type)  under  field  conditions. 

b.  Rainfall  Measurement  Equipment  and  Operation  -  Several  types  of  gages  were 
used  to  accomplish  these  objectives.  Table  1  gives  a  listing  of  the  raingages 
used  in  the  experiments  and  their  respective  reliability,  resolution,  and  use. 
The  primary  type  of  raingage  involved  was  the  conventional  Belfort  weighing 


type,  eighty  of  which  were  loaned  to  the  Department  for  field  use  by  the 
National  Center  for  Atmospheric  Research  (NCAR) . 


Table  1.  Types  of  raingages  used  during  the  1975  HIPLEX  field  season 


Raingage 

Number 

Expected 

Anticipated 

Use 

Type 

Used 

Accuracy 
(inch) 

±.02 

Resolution 
(min) 

Belfort 

73 

15 

Cluster  net 

Weighing 

Line  net 
Rainfall 

catch  exp 

ERTS 

50 

±.01 

15 

Radio-telemetry  net 

Memory 

0 

±.01 

15 

Radio-te! 

Lemetry  net 

Forestry 

4 

±.02 

non- recording 

Rainfall 

catch  exp 

Pit 

1 

±.01 

15 

Rainfall 

catch  exp 

Belfort  pit 

1 

±.02 

15 

Rainfall 

catch  exp 

Wedge 

4 

±.01 

non-recording 

Rainfall 

catch  exp 

Canister 

2 

±.05 

non-recording 

Rainfall 

catch  exp 

The  recording  mechanism  in  each  Belfort  gage  was  set  so  that  the  chart  drum 
rotated  once  every  24  hours.   Service  technicians  visited  each  raingage  site 
once  a  week  to  change  the  charts  and  perform  routine  service  and  maintenance 
operations.   If  a  malfunction  was  discovered,  the  affected  raingage  was 
repaired  and  checked  again  on  the  following  day.   To  expedite  data  reduction,  a 
small  amount  of  water  (approximately  40  to  50  mm;  1  1/2  to  2  inches)  was  used 
to  charge  the  weighing  mechanism  in  each  Belfort  raingage  during  servicing. 
Continuous  evaporation  of  this  water  provided  a  convenient  separation  between 
rainfall  traces  from  day  to  day.   By  using  this  servicing  scheme,  it  was  found 
that  more  reliable  measurements  of  rainfall  occurrences  by  15-minute  interval 
could  be  obtained. 


To  improve  data  quality,  a  recalibration  of  all  cluster  network  raingages 
(discussed  later)  was  performed  during  the  period  1  through  15  July  1975. 
Further,  at  the  time  the  raingages  were  removed  from  the  cluster  network,  a 
final  calibration  check  was  made.   All  55  raingages  used  in  the  cluster  network 
continued  to  record  rainfall  data  until  15  September  1975. 


c.   Precipitation  Measurement  and  Characterization  Studies 

1.   Rainfall  Catch  Experiment  -  Data  obtained  from  this  experiment  were 
intended  for  use  in  developing  relationships  between  rainfall  catch,  orifice 
height,  gage  type  and  wind  speed.   By  developing  empirical  relationships 
between  rainfall  catch  at  the  surface  and  at  selected  heights,  two  purposes 
would  be  served.   First,  rainfall  catch  from  co-located  raingages  with 
different  orifice  heights  could  be  empirically  adjusted  to  simulate  similar 
orifice  height.   Second,  actual  rainfall  at  the  surface  could  be  understood 
better  from  rainfall  measurements  made  above  the  ground.   Previous  studies, 
including  Gold  (1922),  Kurtyka  (1953),  Neff  (1966),  Smallshaw  (1953)  and  Storey 
and  Hamilton  (1943)  indicate  that  a  10  to  20  percent  negative  error  in  rainfall 
catch  is  not  uncommon  when  rainfall  catch  at  standard  height  (90  cm;  36  inches) 
is  compared  to  surface  rainfall  catch. 

In  order  to  conduct  this  experiment  a  test  plot  containing  14  raingages  was 
constructed  at  the  HIPLEX  headquarters  near  the  Miles  City  Airport.   The  types 
and  quantities  of  gages  in  the  experiment  and  the  orifice  heights  above  ground 
are  shown  in  table  2. 


Table  2.   Raingage  type,  quantity,  and  orifice  height  above  ground  used  in  the 
rainfall  catch  experiment 


Raingage  Type 

Belfort  weighing 

Forestry 

Wedge  gage 

Cannister  gage 
Pit  gage 


Raingage  Quantity 


Raingage  Orifice  Height 
Above  Ground  (cm;  inches) 


2    - 

90    (36) 

1    - 

5    (2) 

2    - 

40    (15) 

2    - 

145    (57) 

2    - 

145    (57) 

2    - 

40    (15) 

2    - 

40    (15) 

1    - 

at   surface 

Two  raingages  used  in  the  experiment  had  their  orifices  positioned  at  or 
near  ground  level  and  served  as  controls  for  the  experiment.   The  remainder  of 
the  raingages  had  their  orifices  at  either  40  cm  (15  inches)  above  ground  level 
(the  planned  height  of  the  orifice  on  the  radio-telemetry  raingages),  90  cm  (36 
inches)  above  ground  level  (the  height  of  the  orifice  on  the  cluster  network 
and  line  network  Belfort  gages)  or  145  cm  (5  7  inches)  above  ground  level,  the 
third  data  point  needed  to  generate  orifice  height-rainfall  catch  curves. 
Figures  la  and  lb  show:   a)   an  overall  view  of  the  rainfall  catch  experiment 
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Figure  la.   Rainfall  catch  experiment  site.   The  University  of  North  Dakota 
C-band  radar  is  in  the  background. 


Figure  lb.   Collection  area  of  the  pit  gage  used  as  a  control  in  the 
rainfall  catch  experiment. 
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site;  and  b)   a  view  of  the  collection  area  for  a  pit  gage  used  as  a  control  in 
the  experiment. 

The  rainfall  catch  experiment  contained  four  recording  and  ten  non 
recording  raingages .   Therefore,  to  obtain  reasonable  data,  researchers 
measured  the  total  precipitation  after  each  rainfall  episode.   During  the  field 
season,  more  than  20  rainfall  episodes  were  sampled. 

In  addition  to  acquiring  rainfall  estimates  at  several  heights,  wind  speed 
measurements  were  needed  at  different  heights  above  ground  level  in  order  to 
refine  estimates  of  rainfall  catch  as  a  function  of  orifice  height  above 
ground.   Consequently,  in  early  June  two  anemometers  were  installed  at  the 
experimental  site;  they  continuously  measured  wind  speed  at  40  cm  (15  inches) 
and  145  cm  (57  inches)  above  ground  level. 

2.  Cluster  Network   -  Meeting  the  second  and  principal  objective  of  the 
rainfall  studies  necessitated  establishing  a  network  test  area  of  850  sq  km 
(330  sq  mi)  with  a  gage  density  of  16  sq  km  (6  sq  mi)/gage.   This  density 
specification  was  decided  jointly  by  the  Bureau  and  the  Department.   A 
literature  review  conducted  before  establishing  the  network  suggested  that  the 
appropriate  density  for  analyses  of  summer  precipitation  in  the  High  Plains 
would  likely  range  between  one  gage  per  10  sq  km  and  one  gage  per  26  sq  km 
(Huff,  et  al.,  1969;  Woodley,  et  al.,  1974;  Huff,  1969).   Work  by  Eddy  (1975) 
indicated  that  1  gage  per  16  sq  km  (6  sq  mi)  was  desirable.   The  design  of  the 
cluster  network  was  based  on  the  following  criteria:   (1)  a  dense  surface 
raingage  network  must  be  located  at  the  mid-range  of  the  radar  in  order  to 
obtain  reliable  Z-R  relations;  (2)  it  must  be  possible  to  transmit  data  from  a 
co-located  radio-telemetry  network  to  a  centrally  located  "data  central." 
Because  of  the  "line  of  sight"  telemetry  requirement  of  this  system,  fairly 
flat  topography  within  the  cluster  network  was  essential;  (3)  as  part  of  HIPLEX 
mesoscale  weather  studies,  radiosonde  launch  sites  were  located  in  Montana  at 
Plevna,  Glendive,  Brockway,  and  Miles  City.   In  order  to  facilitate  comparative 
analyses  of  the  radiosonde  and  rainfall  data,  the  cluster  network  must  be  near 
the  center  of  the  trapezium  formed  by  the  launch  sites;  (4)   the  cluster 
network  should  be  located  in  an  area  where  mean  summer  rainfall  is  relatively 
high  in  order  to  maximize  the  number  of  radar  calibration  test  cases;  and  (5) 
the  test  area  must  be  readily  accessible. 

Locations  of  the  55  sites  which  comprised  the  cluster  network  are  shown  in 
Figure  2.   A  conventional  Belfort  raingage  was  placed  within  each  site  and,  was 
calibrated  during  the  period  1  through  15  May  1975.   Figure  3  shows  a  typical 
site  configuration  in  which  the  raingage  is  mounted  on  a  level  stand  with  its 
orifice  positioned  approximately  three  feet  above  ground  level.   Typically,  a 
raingage  was  located  within  the  east-central  portion  of  each  fenced  exclosure. 

3.  Line  Network   -  As  a  means  to  investigate  errors  due  to  attenuation  in  the 
C-band  radar  measurement  of  rainfall,  a  line  of  raingage  sites  was  installed 
that  consisted  of  22  Belfort  weighing  gages.   This  line  of  raingages  extended 
108  km  along  an  azimuth  of  66  degrees  true  from  the  Miles  City  radar,  with  a 
spacing  of  approximately  5  km/gage. 

The  location  for  the  line  network  was  based  on  the  following 
considerations:   (1)  rainfall  data  obtained  along  a  radar  azimuth  offered  an 
attractive  means  to  examine  attenuation-related  errors  in  rainfall  measurement 
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by  radar;  (2)  rainfall  data  along  a  line  allowed  researchers  to  calculate  the 
spatial  variation  of  correlation  coefficients  among  gages.   This  information 
was  to  be  used  in  determining  the  gage  densities  required  for  future  area-wide 
seeding  experiments;  (3)  six  of  the  cluster  network  gages  could  be  used  as  part 
of  the  line.   Sixteen  additional  gages  were  therefore  required  to  establish  the 
line  network;  (4)  again,  areas  in  which  the  overlap  of  radar,  radiosonde 
(mesoscale  studies),  and  precipitation  data  occurred  were  desired;  and  (5) 
priority  was  given  to  areas  in  which  higher-than-average  mean  summer 
precipitation  occurred. 


Figure  3.   Typical  cluster  network  raingage  site, 


The  positions  of  the  additional  16  conventional  Belfort  raingages  and  their 
relation  to  the  cluster  network  are  shown  in  figure  2.   The  Belfort  raingages 
used  in  the  line  network  were  installed,  serviced,  and  calibrated  in  the  same 
manner  as  those  in  the  cluster  network.   Each  site  was  fenced  to  provide 
protection  from  livestock. 

Knowledge  of  hailfall  was  sought  by  studying  the  effects  of  radar 
attenuation  with  distance.   Since  hail  produces  a  much  higher  radar 
reflectivity  than  rainfall,  radar  rainfall  estimates  could  be  abnormally  high. 
Therefore,  in  order  to  detect  hail  within  the  networks  by  obtaining  a  simple 
yes/no  answer  about  hail  occurrence,  styrofoam  hail  pads  with  aluminum  foil 
covers  were  installed  at  all  cluster  and  line  sites.   These  25  cm  x  25  cm  (10 
in  x  10  in)  hail  pads  were  placed  at  ground  level  at  all  sites  during  early 
July,  1975.   In  accordance  with  the  experimental  design,  the  pads  were  to  be 
changed  after  each  hail  occurrence.   During  the  period  from  July  to  September 
only  two  hail  pads  in  the  cluster  network  received  any  hailfall;  no  hail  was 
detected  at  line  network  sites. 

During  rainfall  periods  research  aircraft  were  flown  over  and  along  the 
line  network  for  sampling  purposes.    Florescent  panels  were  therefore  placed 
at  alternate  raingage  sites  in  the  line  network  to  make  them  more  visibile  from 
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the  planes.  It  was  found  that,  during  hazy  or  rainy  periods,  sites  in  the  line 
network  equipped  with  florescent  panels  remained  highly  visible  to  the  aircraft 
crews . 

4.   Radio-Telemetry  Comparison  -  In  order  to  achieve  the  final  objective  of  the 
rainfall  network  studies  (i.e.  to  establish  the  reliability  of  two,  newly- 
designed  raingage  systems  under  field  conditions),  it  was  decided  to  locate  a 
radio-telemetry  gage  along  with  each  Belfort  gage  in  the  cluster  network  and 
the  line  network.   Two  types  of  radio-telemetry  raingages  were  used  during 
1975.   The  first  system  was  designed  to  transmit  rainfall  data  to  a  "data 
central"  which  in  turn  was  interrogated  by  an  Earth  Resources  and  Technology 
Satellite  (ERTS)  as  it  passed  overhead.   The  second  system  was  designed  to 
store  rainfall  data  at  each  raingage  station.   An  aircraft  flying  overhead 
subsequently  interrogated  each  "memory  gage"  on  alternate  days  to  obtain  its 
rainfall  data. 

Original  plans  called  for  placing  an  ERTS  gage  at  each  site  in  the  cluster 
network  and  a  memory  gage  at  each  site  in  the  line  network.   Because  of  delays 
in  the  manufacture  and  testing  of  the  equipment  the  ERTS  raingages  were  not 
delivered  until  15  August  1975;  none  of  the  memory  raingages  was  delivered. 

Installation  of  the  50  available  ERTS  raingages  was  completed  by  1 
September  1975.   Figure  4  shows  an  ERTS  raingage  located  with  the  Belfort 
raingage  of  the  cluster  network.   Each  ERTS  raingage  was  placed  approximately 
in  the  center  of  a  cluster  network  site,  with  its  orifice  60  cm  (24  inches) 
above  ground  level.   The  manufacturer  performed  the  management  and  shakedown 
of  the  radio-telemetry  gages.   Quality  control  procedures  and  initial  checks  of 
the  ERTS  raingage  system  revealed  several  hardware  problems;  no  meaningful  data 
were  obtained  from  either  the  ERTS  or  memory  raingage  systems  during  1975. 


Figure  4.   Raingage  site  containing  both  Belfort  and  radio-telemetry  gages, 
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2.   Raingage  Network  Operations  -  1976 

a.  Objectives  -  The  overall  objectives  for  the  raingage  network  operations 
during  1976  remained  the  same  as  those  stated  for  the  1975  activities.   One  of 
the  primary  tasks  during  1976  was  to  expand  and  operate  the  surface 
precipitation  measurement  network.   The  basic  network  design  was  the  same  as  in 
1975  with  the  following  modifications: 

1.  Three  cluster  sites  were  placed  8  km  (5  mi)  upwind  of  the  contiguous 
network  to  the  northwest,  west  and  southwest,  and  three  cluster  sites 
were  placed  16  km  (10  mi)  downwind  of  the  contiguous  network  to  the 
northeast,  east  and  southeast  (see  Figure  5).   The  purpose  of  these 
cluster  sites,  as  proposed  by  the  Illinois  State  Water  Survey  (ISWS), 
was  to  acquire  data  needed  to  develop  an  independent  evaluation  of  the 
radar-rainfall  relationships  derived  from  the  contiguous  network. 

2.  Belfort  gages  were  located  with  one-fourth  of  the  LANDSAT  (formerly 
ERTS)  telemetry  gages  and  with  all  "memory"  gages  which  transmit  data 
to  an  airborne  receiver.   Thirty-three  Belfort  gages  were   located  with 
the  new  gaging  equipment,  (13  LANDSAT  and  20  memory). 

3.  The  1975  surface  network  was  expanded  although  the  circular  shape  was 
maintained. 

4.  Care  was  taken  not  to  extend  the  network  into  areas  where  radar  ground 
"clutter"  had  been  observed  from  the  previous  year's  data.    Certain 
areas  had  to  be  eliminated  from  site  consideration,  as  shown  in  figure 
6. 

The  area  northeast  of  Miles  City  was  chosen  as  the  most  favorable  location 
for  the  network  because  it  had  good  access  and  travel  distances  were 
reasonable.      Other  factors  that  favored  use  of  this  area  included: 
additional  radar  coverage  was  available  from  the  Baker  radar  site;  existing 
raingage  site  facilities  could  be  used;  seasonal  precipitation  is  somewhat 
higher  than  other  parts  of  the  HIPLEX  experimental  area  and  varied  topographic 
conditions  were  present.   The  disadvantages  of  this  area  included  occasional 
radar  ground  clutter  and  the  presence  of  such  prominent  physical  barriers  as 
the  Yellowstone  and  Powder  Rivers. 

b.  Network  Description  -  The  network  configuration  was  a  hexagonal  grid  with  a 
16  sq  km  (6  sq  mi)/gage  density  and  a  circular  shape.   An  elliptical  network 
was  considered  during  the  initial  planning,  but  uncertainties  regarding 
preferred  storm  tracks  dictated  a  circular  network.   The  network  was  expanded 
to  the  north  and  west  of  its  1975  location  to  allow  for  shorter  travel  time  to 
the  sites  and  to   remain  within  reasonable  mid-range  radar  coverage.   Fifty- 
three  of  the  original  1975  sites  were  incorporated  into  the  network;  56  new 
sites  were  established  as  part  of  the  contiguous  network.   In  addition,  18  new 
sites  were  set  up  in  six  clusters  of  three  gages  per  cluster.   In  all,  127 
sites  were  established.   After  the  network  location  was  decided  and  the 
individual  site  locations  were  plotted  within  a  grid  of  one  site  per  16  sq  km 
(6  sq  mi),  permission  to  locate  the  74  new  sites  was  negotiated.   All  sites 
were  installed  before  May,  1976. 
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Figure  7.   Sketch  of  a  typical  raingage  site, 


Figure  8.   Raingage  site  used  after  the  1975  field  season.   A  hail  pad  is 
behind  the  Belfort  gage;  a  wedge  gage  is  to  its  right. 
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Fence  design  around  each  site  was  modified  from  the  previous  year  to  hasten 
construction  and  to  follow  requirements  of  the  Bureau  of  Land  Management.   A 
sketch  of  a  typical  fenced  site  for  the  1976  operations  is  provided  in  figure 
7;  a  typical  site  is  shown  in  figure  8. 

c.   Network  Operations  -  Ninety  Belfort  raingages  were  installed  and  being 
routinely  serviced  by  April  30,  1976;  18  were  located  within  cluster  sites  and 
72  within  the  contiguous  network.   Of  those  in  the  contiguous  network,  56  were 
at  new  sites  and  16  at  previous  sites.   Thirty-seven  sites  were  intended  solely 
for  telemetry  units. 

By  the  latter  half  of  May,  it  became  obvious  that  the  LANDSAT  gages  were 
not  providing  reliable  data.   Therefore,  a  Belfort  gage  was  located  at  each 
LANDSAT  site  within  the  contiguous  network.   In  accordance  with  a  decision  by 
the  Bureau,  the  18  Belfort  raingages  at  the  cluster  sites  were  transferred  to 
the  circular  network.   In  addition,  19  more  Belforts  were  placed  within  the 
contiguous  network  to  make  a  full  complement  of  109  Belfort  rain  gages  (see 
figure  5).   Wedge  gages  and  hail  pads  were  co-located  with  the  Belfort  gages  as 
shown  in  figures  7  and  8. 

The  109  recording  rain  gages  were  calibrated  and,  if  necessary,  repaired  in 
the  laboratory  before  being  installed.   After  all  raingages  were  located  in  the 
field,  their  calibrations  were  checked  three  times  during  the  summer. 
Immediately  after  installation  each  gage  was  checked  and,  if  necessary,  the 
calibration  was  adjusted  to  ensure  its  accuracy.   Beginning  in  late  June  and 
continuing  into  July,  a  mid-season  calibration  check  was  also  made.   A  final 
calibration  check  of  the  raingages  was  made  when  they  were  removed  from  the 
field.   In  almost  all  instances,  the  readings  were  found  to  be  within 
acceptable  limits. 

Prior  to  the  1976  field  season,  service  technicians  were  trained  to  perform 
the  service,  calibration,  and  maintenance  functions  (Moy  et  al.,  1976).   This 
specific  training  program  was  implemented  to  improve  operational  efficiency 
during  the  season  and  to  increase  the  likelihood  of  continuous  network 
operation.   Throughout  the  summer,  each  site  was  visited  weekly  by  a  technician 
who  collected  data  and  serviced  the  equipment.   Each  technician  was  assigned 
four  routes  per  week,  with  from  five  to  ten  sites  per  route  depending  upon  site 
access,  terrain  conditions  and  travel  distance.   The  specific  operational 
procedures  are  fully  described  in  Moy,  et  al . ,  1976. 

After  2  August  1976,  all  gages  were  removed  from  the  field  and  prepared  for 
winter  storage.   Problems  of  summer  field  activities  were  subsequently 
documented  and  planning  was  begun  to  improve  the  efficiency  of  future  field 
operations  and  data  collection  procedures.   Recommendations  for  reducing  gage 
failures  and  increasing  the  quality  and  quantity  of  rainfall  data  were  prepared 
as  part  of  the  planning  for  the  1977  field  season  (see  Moy,  et  al.,  1976). 

3.   Raingage  Network  Operations  -  1977 

a.   Objectives  -  The  raingage  network  was  again  operated  in  1977  to  meet  the 
objectives  established  in  1975.   The  network  was  similar  to  the  one  operated  in 
1976,  except  for  the  following  modifications: 
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Figure  9.   Primary  raingage  network  and  line  of  Belfort  gages  used  during  the 
1977  HIPLEX  field  season.   The  two  large  circles  indicate  the  radar 
coverage  of  the  Billings  and  Miles  City  radars. 
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1.  At  19  of  the  109  sites,  a  second  Belfort  raingage  with  a  weekly 
rotating  chart  drive  was  located  with  a  gage  having  a  daily  rotating 
chart  drive.   The  purpose  in  locating  the  gages  together  was  to  resolve 
time  and  measurement  differences  between  the  two  types  of  chart  drives 
(see  Holman  and  Mclnerney,  1978). 

2.  Hail  pads  were  not  used  because  weekly  servicing  was  not  frequent 
enough  to  distinguish  individual  hail  storms  and  their  relative 
intensities . 

3.  Instead  of  using  cluster  raingage  sites  as  was  done  in  1976,  a  line  of 
twelve  gages  was  installed  that  extended  from  west  of  Miles  City 
through  the  common  coverage  of  both  the  Miles  City  and  University  of 
North  Dakota  (UND)  radars  and  into  the  sole  coverage  of  the  UND  radar 
at  Billings  (figure  9).   The  purpose  of  the  line  of  gages  was  to 
compare  the  radar-rainfall  relationships  of  the  two  HIPLEX  radars  and 
to  investigate  the  rainfall  gradient  along  the  Yellowstone  River  to  the 
Absaroka  Mountains. 

4.  Telemetry  gages  were  not  located  with  Belfort  gages  since  their  testing 
was  concluded  in  1976. 

b.   Operations   -  The  procedures  followed  in  operating  the  raingage  network 
during  the  1977  field  season  remained  unchanged  from  those  used  during  the  1976 
season.   Fewer  maintenance  problems  occurred  during  the  1977  field  season  than 
in  1976  because  of  better  preparation,  calibration,  and  maintenance  (Holman  and 
Mclnerney  19  78) .   In  addition,  a  more  competent  service  crew  was  hired  and 
given  extensive  training  before  the  field  season.   As  a  result,  the  total  time 
during  which  the  gages  operated  satisfactorily  increased  from  89.7  percent  in 
1976  to  98.3  percent  in  1977. 

B.   SURFACE  RAINFALL  DATA  REDUCTION  AND  MANAGEMENT 

1.   Data  Reduction 

After  precipitation  data  are  collected  they  must  be  translated  into  a  form 
that  is  compatible  with  subsequent  analyses.   Consequently,  a  considerable 
effort  was  directed  toward  the  development  of  useful  rainfall  statistics  from 
the  raingage  networks.   Part  of  this  work  was  the  establishment  of  a  data 
handling  system,  which  included  the  maintenance  of  a  data  catalogue  for 
managing  the  reduction  of  rainfall  data  from  the  Belfort  raingages . 

The  data  reduction  scheme  established  in  1975  involved  three  initial  checks 
of  each  raingage  chart  to  determine  that: 

1.  mechanical  problems  with  the  raingages  did  not  result  in  faulty 
rainfall  data; 

2.  the  time  of  chart  installation  and  removal  was  noted;  and 

3.  the  data  on  each  raingage  chart  appeared  reasonable. 

After  these  initial  checks  were  made,  the  rainfall  recorded  on  the  Belfort 
charts  was  read  to  within  .25  mm  (0.01  inches)  for  each  15-minute  interval. 


22 


Following  a  single  reading  of  each  rain-data  chart  a  calibration  adjustment  of 
the  data  was  performed.   This  involved  linear  interpolation  calculated  from 
raingage  calibrations  and  used  to  standardize  the  rainfall  data.   After  a  rain- 
data  chart  had  been  read  and  the  data  were  coded,  they  were  entered  into  the 
Cyber  74-28  computer  by  using  a  data  cassette  I/O  with  a  Texas  Instruments 
Silent  700  ASR  time-share  terminal.   Finally  the  rainfall  data  were  stored  on 
9 -track  magnetic  tape. 

Once  this  initial  scheme  was  established  it  was  found  that  rain-data  chart 
reading  was  subject  to  observer  interpretation  as  well  as  possible  observer 
error.   Thus,  rather  than  a  single  reading  of  each  chart,  two  independent 
readings  by  separate  teams  of  observers  were  made  of  each  rain-data  chart  to 
assure  the  best  possible  results.   The  results  from  the  independent  rain-data 
chart  readings  were  then  compared  to  expose  potential  errors .   To  resolve 
conflicts  between  the  two  readings,  the  original  rain-data  charts  were  referred 
to.   From  the  corrected  version  of  the  two  readings,  the  calibration  adjustment 
was  applied  via  the  computer.   The  resultant  calibrated  rainfall  data  were 
assumed  to  be  of  acceptable  quality.   Further  computer  manipulation  expressed 
rainfall  totals  to  ±.75  mm  (±.03  inch)  for  each  15-minute  period  of  the  day. 

As  noted  on  table  1,  several  of  the  raingages  used  in  the  comparison  study 
were  a  nonrecording  type,  and  it  was  not  possible  to  make  chart  reduction  of 
data  from  these  gages.   Summaries  of  these  rainfall  records  were  tabulated  from 
the  original  observations.   A  similar  circumstance  was  encountered  with  the 
hail  data  collected  during  the  1975  and  1976  field  seasons.   All  hail  data  from 
the  hail  pads  were  therefore  classified  as  "light,"  "light  to  moderate," 
"moderate,"  or  "heavy"  by  Bureau  personnel.   These  data,  along  with  those  from 
the  nonrecording  raingages,  were  stored  at  the  Miles  City  HIPLEX  headquarters. 

Several  mechanical  problems  occurred  with  the  recording  units  that 
collected  data  in  the  comparison  study.   As  a  result,  it  was  not  possible  to 
obtain  a  continuous,  reliable  rainfall  record  to  compare  with  the  nonrecording 
units.   Therefore,  the  comparison  analyses   performed  with  data  from  several 
types  of  gages  were  generally  limited  to  the  nonrecording  units.   There  is  a 
partial  record  of  recorded  rainfall  from  the  Belfort  gages;  however,  because  of 
the  limited  number  of  cases  involved,  the  data  analyses  were  certainly  limited 
in  usefulness . 

The  procedures  established  for  the  reduction  of  1975  precipitation  data 
were,  with  certain  refinements,  used  to  reduce  data  acquired  in  1976  and  1977. 
These  refinements,  as  established  for  the  1976  data  reduction  effort,  were: 

1.   all  data  were  reduced  and  entered  into  the  computer  within  eight  days 
of  collection  in  order  to  quickly  detect  malfunctioning  gages  and 
develop  a  data  base  that  was  closer  to  real-time  and  as  error-free  as 
possible.   An  assessment  of  the  previous  year's  data  reduction 
techniques  revealed  that  a  two-month  delay  commonly  occurred  between 
the  time  when  the  data  were  collected  and  translated.   To  avoid  this 
lag,  all  data  collected  in  1976  were  usually  transferred  from  the 
raingage  charts  to  the  computer  coding  forms  within  one  week  to  assure 
a  more  timely  data  transferral. 
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2.  data  were  placed  in  a  new  format  consistent  with  the  rainfall  data  from 
other  HIPLEX  sites.  A  coded  storage  format  of  rainfall  data  consistent 
with  all  sites  in  HIPLEX  was  also  established. 

3.  only  those  data  acquired  during  the  periods  of  radar  operation  were 
computerized.   During  March  through  April  1976,   the  surface  rainfall 
network  was  to  be  used  primarily  for  calibrating  the  Skywater  Radar 
(SWR-75)  in  estimating  rainfall  at  the  ground.   For  this  reason  it  was 
decided  to  encode  surface  rainfall  data  only  during  the  1730-0800 
Greenwich  Mean  Time  (GMT)  period  of  radar  operation  (see  Super  1976). 
The  remaining  1976  rainfall  data  are  available  on  the  original  rain 
gage  charts. 

4.  all  rainfall  data  were  converted  to  Greenwich  Mean  Time.   For 
convenience,  all  rainfall  data,  including  1975  data,  were  collected 
using  local  Mountain  Daylight  Time  (MDT)  but  converted  to  Greenwich 
Mean  Time  during  final  computer  processing. 

5.  all  data  were  placed  in  a  plotted  form  that  was  accessible  on  standard 
microfiche,  through  a  data  plotting  program  made  available  at  Montana 
State  University,  by  which  daily  rainfall  totals  from  each  raingage 
(both  1975  and  1976  data)  were  displayed.   Data  from  183  days  in  1975 
and  111  days  in  1976  were  then  displayed  on  microfiche. 

The  only  additional  refinement  to  these  procedures  was  made  in  1977.   A 
computerized  digitizing  tablet  was  used  to  facilitate  the  reading  of  recorded 
precipitation  from  the  raingage  charts.   This  method  of  reducing  Montana  HIPLEX 
rainfall  data  was  also  used  by  the  Department   to  process  precipitation  charts 
from  the  Kansas,  Texas,  and  Sierra  raingage  networks. 

2.   Precipitation  Records  Management 

Precipitation  records  management  was  added  into  the  rainfall  data 
collection  program  to  assure  that  the  raingage  chart  data  could  be  made  readily 
available  in  a  usable  form  for  specific  analyses.   Accordingly,  several 
programs  and  procedure  files  were  prepared.   The  detailed  procedures  developed 
for  executing  the  major  programs  and  procedure  files  are  discussed  by  Boatman 
et  al.  (1975).   That  report  presented  data  reduction  and  archival  techniques 
needed  to  provide  quality  rainfall  data  for  subsequent  analyses.   For  a  further 
discussion  of  the  rainfall  data  management  effort,  see  Moy  et  al.  (1976). 
Also,  detailed  information  on  the  editing  procedures  and  computer  software  used 
in  1977  is  presented  in  Mclnerney  (1978). 

PART  III.   WEATHER  RADAR  DATA  ACQUISITION 

A.   WEATHER  RADAR  OPERATIONS 

A  major  reason  for  using  the  Skywater  SWR-75  digital  weather  radar  in  the 
Montana  HIPLEX  operations  was  to  obtain  data  on  the  structure,  life  history  and 
spatial  distribution  of  convective  cells  in  the  local  experimental  area 
(Ackerman  1975).   From  1975  through  1977,  the  Department  played  a  significant 
role  in  maintaining  and  operating  the  Skywater  SWR-75  radar  system,  as  well  as 
in  collecting  and  analyzing  the  acquired  radar  data.   Detailed  descriptions  of 
the  radar  calibration  and  data  collection  procedures  that  were  used  are 
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described  in  the  1976  HIPLEX  Operations  Plan  .   Extensive  training  was  given  to 
a  Department  electronic  technician  who  was  then  responsible  for  radar 
calibration,  maintenance,  and  repair.   Several  modifications  were  also 
incorporated  into  the  SWR-75  radar  unit.   The  preventive  maintenance  program 
established  during  the  1976  field  season  resolved  most  of  the  radar  problems, 
and  as  a  result  the  unit  was  down  for  repair  only  one  percent  of  all  possible 
operational  hours . 

B.   WEATHER  RADAR  DATA  REDUCTION  AND  MANAGEMENT 

Before  the  radar  data  could  be  used  in  the  various  HIPLEX  studies  it  was 
necessary  to  reduce  the  raw  data  tapes  produced  by  the  SWR-75  to  a  form  more 
easily  analyzed  by  the  researchers.   During  September  1976,  the  Department 
began  the  reduction  of  data  obtained  by  the  HIPLEX  radar  sited  at  Miles  City. 
This  data  reduction  involved  the  identification  of  cells,  measurement  of  their 
location,  and  the  subsequent  transcription  of  this  information  into  a  form 
compatible  with  the  Bureau  74-28  computer  (Schroeder,  Brady  and  Brueni  1976). 
The  Department  continued  to  reduce  radar  data  from  1975  to  1980.   In  1977,  a 
computerized  digitizing  tablet  was  incorporated  into  the  procedure  to 
facilitate  data  reduction  by  improving  convenience,  quality,  and  speed. 
Further  discussion  of  the  radar  data  reduction  and  storage  techniques  developed 
during  1976  is  presented  in  Schroeder  and  Klazura  (1976). 

Data  management  included  the  use  of  a  Fortran  IV  package,  RPLOT,  developed 
at  Montana  State  University  that  produced  printer-plotter  depictions  of  radar 
data  from  archived  dBZ  files.   Any  map  scale  and  zone  of  coverage  could  be 
specified,  including  the  entire  area  of  radar  coverage.   Individual  tilt  angles 
or  composite  modes  were  available,  and  time  periods  could  be  averaged.   A 
complete  description  of  this  method  for  displaying  archived  radar  data  and  the 
assumptions  applied  are  discussed  in  Heimbach  and  Gilkey  (1978). 

PART  IV.   SURFACE  RAINFALL  EVALUATIONS 

A.   RAINGAGE,  RAINFALL  DATA  AND  RAINGAGE  NETWORK  ASSESSMENTS 

1.   Raingage  Intercomparisons 

The  first  assessment  of  rainfall  catch  by  various  gages  and  gage 
configurations  was  based  on  19  75  rainfall  records  from  the  gage  comparison 
site.   Two  of  the  pit  gages  and  one  free  standing  Belfort  raingage  had 
mechanical  and  environmental  problems  that  affected  the  continuity  and 
reliability  of  their  records.   Consequently,  only  the  records  from  eleven  of 
the  fourteen  gages  in  the  research  installation  could  be  used  in  the 
assessment.   Further,  the  wind  record  was  not  satisfactory  because  of  problems 
with  power  failures  and  malfunctioning  anemometers. 

Table  3  presents  the  total  rainfall  measured  by  the  various  gages  during  17 
storm  cases.   In  reviewing  these  data  it  was  noted  that,  in  90  of  136 
comparisons,  increases  in  precipitation  amount  occurred  with  decreases  in 
height  of  raingage  orifice.    A  decrease  of  precipitation  catch  with  decreasing 
orifice  height  was  noted  in  only  17  of  the  136  comparisons.   Further,  in  89  of 
135  comparisons,  the  Belfort  raingage  catch  total  was  equal  to  or  greater  than 
that  of  the  elevated  nonrecording  units  or  less  than  or  equal  to  that  of 
lowered  units  in  89  of  135  comparisons.   However,  there  were  47  instances 
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in  which  the  Belfort  total  did  not  range  between  the  catches  of  two  gages  with 
orifices  at  respectively  higher  and  lower  positions.   Twenty-five  of  these  47 
exceptions  resulted  from  the  elevated  forestry  gage  catch  totals.   In  most 
other  cases,  the  Belfort  raingage  received  a  similar  amount  of  precipitation 
when  compared  with  other  surrounding  catch  units . 

When  all  rainfall  totals  were  summarized  and  averaged,  the  Belfort  raingage 
had  received,  respectively,  97  percent  and  103  percent  of  the  40  cm  (15  inches) 
and  145  cm  (57  inches)  wedge  gage  totals.   Similarly,  the   Belfort  raingage 
received,  respectively,  88  percent  and  92  percent  of  the  40  cm  (15  inches)  and 
145  cm  (57  inches)  forestry  gage  totals.   The  Belfort  unit  reported  more 
precipitation  than  a  forestry  gage  in  only  4  of  68  instances.   This  suggested 
that  the  forestry  unit  was  a  more  efficient  rainfall  collector  than  the  Belfort 
raingage. 
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Table  3.   1975 , Raingage  Comparison  Study  -  Total  Rainfall  in  inches,  by 
Storm  and  Gage  Storm  Totals  . 

Case  B236  W115   W215   W157   W257   F115   F215    F157   F257   S115   S215 

28    29     28    28 


1 

26 

24 

23 

22 

22 

29 

29 

2 

62 

59 

59 

54 

54 

67 

65 

3 

72 

71 

68 

69 

71 

79 

82 

4 

10 

11 

10 

9 

9 

11 

12 

5 

24 

24 

25 

23 

24 

26 

25 

6 

46 

46 

46 

43 

43 

48 

47 

7 

24 

24 

24 

24 

23 

27 

27 

8 

22 

24 

24 

23 

24 

27 

27 

9 

21 

21 

24 

20 

22 

27 

27 

10 

2 

2 

5 

4 

3 

3 

5 

11 

3 

5 

6 

5 

5 

7 

7 

12 

0 

3 

3 

2 

3 

5 

5 

13 

13 

10 

12 

11 

13 

13 

13 

14 

22 

24 

24 

22 

22 

26 

26 

15 

3 

1 

2 

1 

2 

2 

2 

16 

0 

0 

2 

0 

0 

1 

2 

17 

57 

63 

66 

54 

67 

63 

64 

62 

62 

64 

61 

77 

75 

76 

78 

11 

11 

12 

12 

25 

25 

26 

26 

47 

46 

47 

47 

27 

27 

27 

26 

24 

28 

28 

26 

25 

27 

MD* 

23 

4 

4 

1 

2 

7 

8 

6 

6 

4 

3 

6 

6 

12 

12 

13 

12 

24 

25 

25 

25 

0 

0 

0 

0 

0 

0 

MD* 

2 

60 

62 

MD* 

MD* 

Each  raingage  is  described  by  a  four  digit  code  in  the  following  manner: 

The  first  digit  indicates  the  type  of  gage  (i.e.  B  =  Belfort,  F  = 
Forestry,  W  =  Wedge,  S  =  Sunken).   The  second  digit  indicates  the  row.   The 
third  and  fourth  digits  indicate  the  orifice  height  in  inches  above  ground. 
For  example:   B236  =  Belfort  gage  in  row  2  with  orifice  height  at  90  cm  (36 
in)  above  ground. 
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A  further  comparison  was  made  of  the  1976  and  1977  rainfall  catch  from 
five  different  rain  gages  to  determine:   (1)   wind-induced  differences  of 
errors  in  the  rainfall  catch  data;  and  (2)   variations  in  catch  among  various 
gages  and  gage  configurations.   The  types,  numbers,  and  orifice  heights  for 
the  raingages  used  in  this  assessment  are  shown  in  Table  2.   Wind  speed  was 
recorded  near  the  raingages  by  an  anemometer  connected  to  a  strip  chart 
recorder. 

Preliminary  analyses  of  the  wind  speed  and  rainfall  totals  for  each  storm 
period  in  1976  suggested  that  wind-induced  errors  were  not  measurable  (see 
Super  and  Holman  1977).   Further  analyses  of  both  the  1976  and  1977  data 
revealed  the  following  for  the  range  of  conditions  sampled: 

1.  There  were  no  detectable  differences  in  the  rainfall  catch  totals  of 
Belfort  raingages  with  and  without  a  Nipher  wind  shield. 

2.  The  variance  of  the  rainfall  catch  between  wedge  gages  at  the  same 
height  was  as  great  as  the  variance  between  heights.   Theoretically 
however,  if  there  was  a  measurable  wind-induced  error,  the  variance 
of  catch  between  heights  should  be  greater  than  the  variance  at  the 
same  height. 

3.  The  storm  rainfall  totals  measured  by  the  wedge  gages  and  Belfort 
gages  were  similar;  the  forestry  and  canister  gage  storm  totals  were 
also  similar.   On  the  other  hand,  the  latter  two  types  of  gages 
recorded  consistently  higher  storm  totals  than  the  former  two. 

2.   Comparison  of  Digitized  and  Manual  Rainfall  Data  Processing. 

To  assess  the  efficacy  of  the  raingage  data  reduction  process,  nineteen 
Belfort  raingage  charts  from  the  period  of  25  April  1977  to  20  May  1977  were 
reduced  by  two  methods.  The  first  method  involved  a  visual  determination  of 
the  magnitude  and  timing  of  an  ink  trace  on  a  chart  and  the  assignment  of  the 
appropriate  rainfall  values  for  the  respective  time  interval.   This  method, 
referred  to  as  the  manual  technique,  usually  required  two  people  working 
together.   The  first  person  read  the  chart  and  called  the  rainfall  values  to 
a  second  person  who  recorded  the  information  on  a  computer  coding  form. 
Approximately  25  to  30  charts  could  be  read  per  day  by  this  method. 

The  second  technique  involved  the  use  of  a  Tektronix  4956  digitizing 
tablet  interfaced  to  a  Tektronix  4051  mini-computer.   This  digitizing  method 
required  setting  an  electronic  probe  on  the  critical  junctures,  slopes,  and 
points  to  resolve  precipitation  totals  for  various  time  periods.   With  this 
technique  one  person  could  reduce  60  to  80  charts  per  day. 

These  two  techniques  were  compared  (Boatman  1977a)  and  the  results 
indicated  that  errors  could  result  from  both  methods;  however,  discrepancies 
between  the  two  techniques  were  usually  minor.   As  a  result  of  this  study, 
and  as  discussed  earlier,  quality  control  procedures  were  intensified  and 
involved  use  of  the  digitizer  to  assure  a  relatively  error-free  data  base.   A 
final  error  analysis  prompted  by  this  study  became  routine  for  digitized  data 
reduction. 
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Rainfall  data  from  eight  days  in  1976,  reduced  by  two  schemes  and 
compared  (see  Boatman  1977b),  revealed  that  digitized  data  are  of  higher 
quality  than  manually-reduced  data.   In   addition,  the  possibility  of  human 
error  is  significantly  reduced  with  the  use  of  a  computerized  data  reduction 
scheme.   Digitizing  of  precipitation  records  provided  a  data  base  superior  to 
one  produced  manually. 

3.  Improving  the  1976  Montana  HIPLEX  Precipitation  Data  Base. 

Isolation  of  precipitation  events  from  convective  complexes  over  the 
Montana  HIPLEX  raingage  network  was  an  initial  test  of  the  accuracy  of  the 
precipitation  data  bases.   It  was  found  that  the  1976  data  base,  which  was 
manually  reduced,  needed  further  editing.   An  editing  procedure  was  therefore 
designed  to  locate  and  correct  questionable  data  entries  and  rainfall  amount 
errors.   After  this  editing  was  completed  timing  errors  were  found  in  the 
original  data  base.   Consequently,  additional  editing  was  needed  to  correct 
the  timing  errors  and  this  new  data  base  was  then  stored  on  the  Bureau  Cyber 
computer  sytem  in  Denver.   Even  with  this  editing,  the  quality  of  the  1976 
Montana  precipitation  data  base  did  not  approach  that  of  the  1977  data  base, 
which  was  reduced  through  digitizing  procedures. 

4.  "Worst  Case"  Convective  Complex  Study 

Twelve  convective  complexes  sampled  by  the  Miles  City  raingage  network 
during  1976  and  1977  HIPLEX  field  seasons  were  analyzed  to  determine  which  of 
these  convective  complexes  would  be  considered  the  "worst  case"  (i.e.,  the 
type  of  convective  complex  that  would  make  detection  of  a  treatment  effect  by 
a  raingage  network  most  difficult)  (see  Holroyd  1978  and  Engel  1978a).   The 
approach  used  to  define  the  "worst  case"  convective  complex  is  discussed  at 
length  in  Heimbach  (1978).   In  general,  this  approach  required  the  computer 
generation  of  pseudo-convective  complexes  over  every  possible  position  on  a 
hypothetical,  evenly-spaced  gage  network  without  redundancy.   Area  rainfall 
totals  were  then  determined  from  the  hypothetical  network,  and  Monte  Carlo 
techniques  were  used  to  detect  seeding  effects.   On  the  basis  of  these 
analyses,  the  following  was  concluded: 

1.  sampling  variance  was  a  function  of  gage  spacing; 

2.  sampling  variance  was  a  function  of  a  total  storm  area; 

3.  the  average  estimated  convective  complex  area  did  not  vary  with  gage 
configuration ; 

4.  the  "worst  case"  was  the  small  convective  complex  because  it  was 
easier  to  miss  altogether  with  an  evenly-spaced  raingage  network;  and 

5.  the  between-storm  sampling  variance  was  greater  than  within-storm 
sampling  variance. 

5.  Estimating  the  Rain  Gage  Density  Requirement 

A  simulation  approach  was  used  to  estimate  an  optimal  raingage  density 
needed  for  sampling  convective  complexes.   This  approach  involved  use  of 
total  rainfall  accumulation  "footprints"  from  103  convective  complexes  as 
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estimated  from  1977  radar  data.   Simulated  hexagonal  250  gage  networks  of 
various  spacings  (densities)  were  placed  over  these  footprints  to  estimate 
one  rainfall  total  for  each  storm.   For  a  given  gage  configuration,  samples 
were  randomly  chosen,  then  randomly  "seeded"  to  provide  a  data  base  for  the 
Wilcoxon  or  Mann-Whitney  tie-adjusted  rank-sum  test  (Noether,  1967;  Mielke 
1967).   Samples  were  added  to  the  simulated  data  base  until  a  desired 
significance  (alpha)  level  was  reached. 

This  process  was  repeated  100  times  for  each  simulated  network  to 
determine  in  each  case  the  number  of  storms  needed  to  reach  a  given 
significance  level  for  a  "seeding  effect"  (percentage  increase  of  delta) . 
The  number  of  storms  needed  to  provide  a  specified  power  for  the  experiment 
to  reach  specific  beta  -  probability  levels  was  found  from  the  distribution 
of  numbers  of  cases  needed.   A  complete  description  of  the  techniques  and 
assumptions  is  given  by  Heimbach  and  Super  (1980). 

Preliminary  results  using  all  103  convective  complexes  suggested  a  marked 
deterioration  in  the  power  of  the  experiment  at  a  density  between  350  to  650 
sq  km  per  gage  or  between-gage  spacing  of  19  km  to  32  km  (12  to  20  miles). 
The  number  of  storms  required  to  meet  alpha  and  beta  probability  levels  was 
highly  correlated  to  the  number  of  times  simulated  samples  had  zero  rainfall 
(i.e.,  when  the  radar  footprint  was  missed  by  the  simulated  network). 

The  maximum  network  size  was  assumed  to  be  the  radar  coverage  area  of 
71,000  sq  km  (27,300  sq  mi).   The  use  of  all  103  convective  complexes 
suggested   that  the  best  strategy  to  detect  a  treatment  effect  would  be  to  spread 
the  250  gages  throughout  the  entire  area  of  radar  coverage.   For  example,  to 
reach  alpha  and  beta  levels  of  0.05  and  0.10  respectively,  with  an  assumed 
delta  =  100  percent  treatment  effect,  approximately  1/8,  1/4,  1/2  and  the 
entire  area  of  radar  coverage.   Division  by  the  number  of  convective 
complexes  operationally  available  for  these  areas  during  the  1977  field 
season  (assumed  typical)  resulted  in  an  estimate  of  the  number  of  seasons 
required  to  complete  a  seeding  experiment.   Although  more  samples  were 
required  for  the  larger  spacing,  more  candidates  were  available  for  sampling 
making  the  optimal  spacing  the  broadest  coverage  in  this  case. 

Stratifying  the  convective  complexes  into  large  and  small  catagories 
(cutoff  =  the  median,  2.37  x  10-3  m^  precipitation  accumulation)  reduced  the 
estimated  number  of  samples  needed  to  detect  delta.   The  smaller  convective 
complexes  will  likely  be  the  preferred  experimental  unit  for  the  project 
after  completion  of  the  HIPLEX-1  experiment.   The  optimal  spacing  for  this 
class  was  approximately  100  sq  km  per  gage,  with  six  seasons  required  for 
alpha,  beta  and  delta  listed  above.   Stratification  requires  a  level  of 
forcasting  capability  that  does  not  currently  exist. 

The  results  suggest  two  possible  alternatives  to  the  problem  of  detecting 
modest  increases  associated  with  a  future  seeding  experiment: 

1.  ease  the  alpha  and  beta  restrictions  which  many  in  the  scientific 
community  would  find  objectionable;  and/or 

2.  identify  covariates  which  would  account  for  between-storm  variance. 


B.   RAINFALL  EVALUATIONS 

1.   Rainfall  Occurrences  by  Cloud  Type 

An  analysis  of  1975  and  1976  surface  rainfall  and  cloud  photography  data 
was  made  to  achieve  the  following  two  objectives: 

1.  to  determine  the  percentage  of  total  hourly  rainfall  episodes 
produced  by  various  cloud  types;  and 

2.  to  determine  the  percentage  distribution  of  rainfall  amounts  and 
episodes  as  a  function  of  rainfall  amount  for  various  cloud  types. 

In  order  to  make  this  analysis  two  data  sources  were  used:   raingage 
network  data  from  Miles  City  from  the  period  May  through  July  1975  and  1976; 
and  cloud  photography  data  from  a  time- lapse  camera  located  at  Miles  City. 
The  rainfall  data  for  both  years  were  from  Belfort  recording  raingages  (n  = 
73  in  1975  and  n  =  109  in  1976),  each  with  the  orifice  at  1  m  (3  feet)  above 
ground  level.   The  data  were  15-minute  rainfall  totals  precise  within   ±.75 
mm  (  ±.03  in)  and  1  min  per  day. 

Cloud  photography  data  were  taken  from  a  time- lapse  Super-8mm  camera 
facing  the  raingage  network.  These  data  allowed  an  observer  to  classify 
clouds  as  they  passed  over  the  raingages. 

Before  making  the  analysis,  two  computer  manipulations  were  performed  on 
the  rainfall  data.   First,  all  15-minute  rainfall  totals  were  converted  to 
hourly  totals.   Hourly  rainfall  totals  were  chosen  for  analysis  because  they 
were  more  typical  of  summertime  storm  durations  at  the  raingage  sites. 
Second,  all  hourly  rainfall  totals  were  stratified  and  totaled  in  25  mm  (0.1 
inch)  increments.   The  result  was  daily  summaries  of  the  number  of  hourly 
rainfall  episodes  whose  rainfall  totals  fell  within  each  25  mm  (0.1  inch) 
increment  between  0-50  cm  (0-2.0  inches).   A  rainfall  episode  was  defined  as 
the  occurrence  of  measurable  precipitation  at  a  raingage  during  the  preceding 
hour.   For  example,  a  shower  which  produced  rainfall  at  three  gage  sites 
during  an  hour  created  three  rainfall  episodes. 

Cloud  photography  data  were  used  to  classify  the  predominant  cloud  type 
occurring  during  each  storm  period.   Only  photographic  data  filmed  over  the 
raingage  network  were  used  in  the  classification.   Because  of  the  limited 
field  of  view,  errors  in  the  classification  are  possible.   For  example,  a 
mesoscale  cumulonimbus  system  may  wrongly  be  classified  as  overcast  or 
stratus  because  only  a  uniform  cloud  base  can  be  seen  in  the  photographs. 

As  an  outcome  of  this  analysis,  three  significant  results  were  obtained 
which  pertain  to  objective  one.   They  were: 

1.   Cumulus-type  clouds  produced  most  of  the  rainfall  episodes  during  the 
months  of  June  and  July  in  1975  and  1976.   During  May  of  both  years, 
rain  from  stratiform  and  altocumulus  clouds  predominated.   Overall, 
cumulus -type  clouds  were  the  most  frequent  rain  producers  in  both 
years . 
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2.  Altocumulus  or  mid-level  clouds  produced  virtually  no  rainfall 
episodes  during  1975  and  only  12  percent  of  the  May  through  July 
rainfall  episodes  that  occurred  during  1976.   All  of  the  1976 
rainfall  episodes  produced  by  altocumulus  clouds  occurred  during  May. 

3.  Most  of  the  cumulus  type  rainfall  episodes  of  1976  were  produced  by 
cumulonimbus  cloud  systems  (78  percent  for  May  through  July) . 

Results  of  this  analysis  which  pertain  to  objective  two,  above,  were: 

1.  The  percentage  of  both  total  hourly  rainfall  amount  and  number  of 
rainfall  episodes  was  an  inverse  exponential  function  of  the  rainfall 
increment.   This  means  that  the  observed  hourly  rainfall  amounts  and 
episodes  decreased  exponentially  as  rainfall  values  increased. 

2.  The  exponential  decay  rate  of  the  cumulus-type  cloud  distribution  was 
slower  than  that  of  either  the  mid-level  or  overcast  types.   Cumulus 
clouds  produced  proportionately  higher  hourly  rainfall  amounts  than 
did  mid-level  or  overcast-type  clouds. 

3.  More  than  50  percent  of  the  rainfall  episodes  produced  in  each  cloud 
classification  occurred  within  the  interval  of  0.0  to  25  mm  (0.0-0.1 
inch) . 

In  arriving  at  these  results,  two  important  assumptions  were  made. 
First,  it  was  assumed  that  an  hour  was  typical  of  summertime  storm  durations. 
Second,  it  was  assumed  that  each  storm  period  had  a  predominant  cloud  type 
that  was  responsible  for  the  rainfall  on  that  day. 

2.   Rain  Cell  Classification  Through  Rainfall  Evaluation. 

The  rain  cell  classification  method  of  Schickedanz  (1972)  was  applied  to 
eight  days  of  storm  activity  sampled  by  the  raingage  network  during  1976 
(Heimbach  and  Gilkey  1977).   In  conducting  this  analysis  two  questions  were 
addressed:   (1)  How  did  rain  cells  of  5-minute  sampling  times  compare  with 
those  of  15-minutes?   and  (2)  What  were  the  characteristics  of  these  rain 
cells? 

From  this  rain  cell  analysis,  it  was  shown  that  some  definition  was  lost 
by  using  15-minute  totals  in  place  of  5-minute  totals.   Several  extra  rain 
cells  were  picked  up  on  the  15-minute  analysis  because  of  the  time  constraint 
used,  but  several  were  lost  because  of  time  smoothing. 

The  15-minute  rain  cells  derived  from  the  eight  days  of  data  illustrated 
some  characteristics  of  rainfall  patterns  in  the  Miles  City  area,  and 
produced  some  conclusions: 

1.  The  rain  cell  approach  would  be  useful  in  the  analysis  of  seeding 
effects  if  some  of  the  subjectivity  of  their  definitions  could  be 
removed; 

2.  If  rain  cells  were  used,  the  number  of  sampling  entities  would 
significantly  increase; 
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3.  Rain  cell  occurrences  could  be  anticipated  during  daylight  hours  and 
they  were  large  enough  to  be  recognized  and  sampled; 

4.  Most  of  the  cells  were  weak  and  their  life  was  short,  making  rate  of 
lifetime  enhancement  easier  to  detect;  and 

5.  Unfortunately,  the  standard  deviations  of  the  statistics  described 
above  were  of  the  same  magnitude  as  their  respective  arithmetic 
means.   Consequently,  a  large  number  of  samples  would  be  required  to 
achieve  a  respectable  level  of  confidence. 

C.   PRECIPITATION  CLIMATOLOGY  STUDIES 

1.  Convective  Complex  Climatology. 

A  convective  complex  climatology  over  the  HIPLEX  study  area  was  prepared 
from  the  boxing  and  subsequent  digitizing  of  radar  echo  coordinates  of 
maximum  reflectivity  and  echo  top  heights.   This  information  was  later  used 
in  climatological  and  other  analyses. 

First,  criteria  based  on  radar  data  were  used  to  isolate  the  echoes  from 
all  other  echoes  appearing  on  the  radar,  and  classify  them  suitably  as 
convective  complexes.    These  criteria,  as  documented  by  Holroyd  (1978), 
required  that  a  particular  echo  must  exceed  a  reflectivity  of  30  dBZ  at  some 
point  in  its  lifetime  and  an  echo  top  height  of  8.5  km.   All  echoes  of 
mountain-generated  systems,  as  determined  through  the  use  of  satellite 
photos,  were  removed  from  this  echo  subset.   The  rest  were  used  to  generate 
the  convective  complex  climatology. 

Each  echo  determined  to  be  a  convective  complex  by  this  procedure 
underwent  a  boxing  and  digitizing  process  for  defining  convective  complexes 
in  a  form  compatible  with  the  Bureau's  Cyber  computer  system  and  existing 
software.   These  data  were  temporarily  stored  on  magnetic  tape  at  the  Miles 
City  HIPLEX  site  and  later  transferred  to  the  Cyber  computer  system  to 
generate  the  data  files  necessary  for  subsequent  research  analyses. 

2.  Climatology  of  Mountain-Generated  Storms. 

In  order  to  understand  better  the  characteristics  of  natural  storms 
passing  over  the  Miles  City  HIPLEX  study  area  during  May  through  July  1976, 
storm  occurrences  were  classified  with  the  aid  of  satellite  imagery,  radar, 
time- lapse  photography,  the  HIPLEX  raingage  network,  and  the  National  Weather 
Service  observations  for  this  period  (see  Boatman,  et  al . ,  1977).   Each  storm 
type  was  analyzed  for  the  amount,  duration,  and  frequency  of  rainfall 
produced,  the  timing  of  the  rainfall  event,  the  area  covered  by  the  storm, 
and  its  potential  for  increasing  rainfall  by  seeding,  using  different  assumed 
models . 

The  results  of  this  analysis  suggested  that  mountain-generated  systems 
and  cold  fronts  produce  the  most  rainfall  and  that  upper  level  troughs  and 
mountain-generated  systems  had  the  highest  number  of  hours  of  rainfall.   It 
was  also  noted  that  a  large  portion  of  the  mountain-generated  storms  may  not 
be  likely  candidates  for  aircraft  studies  since  they  pass  over  the  Miles  City 
study  area  after  dark. 
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3.  Rainfall  Climatology  of  Eastern  Montana. 

A  rainfall  climatology  was  prepared  from  climatological  weather  stations 
in  eastern  Montana  for  the  period  from  1949  through  1973  (Boatman  1977c) . 
From  this  rainfall  climatology,  several  precipitation  anomalies  were  noted 
that  would  influence  the  location  and  timing  of  an  experimental  rain 
augmentation  program.   For  eastern  Montana,  surface  precipitation  gradients 
exhibited  variation  with  month  and  storm  type.   Most  noticeably,  the 
strongest  surface  gradients  were  associated  with  summer  convective  activity. 
Precipitation  amounts  did  not  seem  to  be  affected  by  eastern  Montana 
topography. 

4.  Convective  Complex  Rainfall  Climatology. 

In  early  1978,  work  was  begun  to  determine  a  convective  complex  rainfall 
climatology  for  eastern  Montana.   This  rainfall  climatology  was  based  on  the 
precipitation  data  collected  during  the  1976  and  1977  field  seasons  and  was 
used  to  develop  a  "best  estimate"  of  the  character  of  thunderstorm 
precipitation  in  eastern  Montana.   The  ultimate  purpose  of  this  work  was  to 
obtain  information  needed  to  establish  an  optimum  density  for  the  proposed 
network  of  250  raingages  (Engel  1978a) . 

Isolation  of  convective  complex  precipitation  was  carried  out  through  an 
objective  analysis  of  current  data.   These  data  included  such  field 
operations  documentation  as  aircraft  crew  voice  tapes,  debriefing 
transcripts,  researcher  field  notes,  satellite  photos,  Super  8  time-lapse 
film,  photos  of  the  Miles  City  PPI  radar  scope  taken  at  half  hour  intervals 
and  precipitation  data.   At  that  time,  digital  radar  products  were  not 
available . 

As  a  result  of  analyzing  these  two  years  of  data,  sixteen  rain  events 
were  classified  as  being  from  convective  complexes.   None  of  these 
rainshowers  were  completely  contained  within  the  1,690  sq  km  raingage 
network.   These  data  were  used  by  several  individuals  and  groups  in  analyzing 
storm  characteristics  and  precipitation  variance  (both  real  and  sampling) . 
It  was  realized  that  such  a  small,  truncated  sample  could  not  realistically 
represent  the  number  of  convective  complexes  occurring  naturally  over  the 
Montana  HIPLEX  operations  area.   Only  a  limited  sample  of  convective 
complexes  were  obtained  in  this  analysis,  so  it  was  decided  to  estimate  total 
rainfall  from  radar  data. 

5.  Hail  Climatology. 

The  incidence  of  hail  in  eastern  Montana  was  documented  from  hail  records 
collected  by  the  Montana  Department  of  Agriculture,  Board  of  Hail  Insurance. 
These  records  were  analyzed  for  hail  occurrence  during  the  May  through  July 
field  seasons  of  1976,  1977,  and  1978  within  the  Miles  City  radar  coverage. 
Information  obtained  from  this  analysis  included  the  location,  the  time,  and 
the  severity  of  hail  damage.   Other  meteorological  data  were  reviewed  to 
identify  those  meteorological  situations  where  potentially  severe  weather 
occurred.   Some  parameters  from  the  radar  reflectivity  records,  or  a 
combination  of  such  radar  parameters  as  storm  height  and  storm  thickness, 
were  cross-referenced  with  hail  incidence. 
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The  results  showed  that; 

1.  all  hail  damage  claims  were  associated  with  hailstorms  with  cloud 
tops  equal  to  or  greater  than  9  km  msl  and  radar  reflectivity  valves 
in  excess  of  40dBZ;  and; 

2.  ninety-eight  percent  of  the  hail  storms  had  either  a  maximum  height 
exceeding  12.5  km  and/or  a  radar  reflectivity  factor  equal  to  or 
greater  than  50dBZ. 

These  data  were  than  used  to  develop  the  criteria  for  suspending  or 
postponing  research  mission  activity  during  severe  weather  (see  Holman  1979). 

PART  V.   MESOSCALE  SURFACE  WEATHER  INVESTIGATIONS 

A.  INTRODUCTION 

The  subject  of  incorporating  mesoscale  surface  weather  studies  into  the 
HIPLEX  program  was  first  raised  at  a  December,  1977  Skywater  workshop.   The 
need  for  such  research  was  demonstrated  in  a  study  by  Heimbach  and  Super 
(1980)  that  showed  that  rainfall  data  would  not  be  sufficient  for  proving 
definitive  effects  of  weather  modification  operations  within  a  reasonable 
length  of  time.   Consequently,  in  order  to  deal  with  this  circumstance,  steps 
were  taken  to  design  and  implement  mesoscale  studies  and  to  use  a  grouping  of 
automated  weather  stations  comprising  a  mesoscale  surface  observation  network 
(mesonet)  for  obtaining  the  required  data. 

The  purpose  of  the  resultant  mesonet  was  to  acquire  surface  weather  data 
that  complement  data  obtained  by  HIPLEX  aircraft  and  radar,  and  thereby  to 
obtain  an  information  base  needed  to  further  the  understanding  of  mesoscale 
meteorological  phenomena.   Ultimately,  data  gained  from  a  network  of  surface 
weather  stations  could  facilitate  the  classification  and  identification  of 
future  HIPLEX  experimental  units  (i.e.,   convective  complexes).   If  an 
experimental  unit  could  be  confidently  defined,  mesonet  data  might  be  used  to 
detect  modifications  in  the  units.   This  would  involve  the  derivation  of 
predictor  variables  from  detected  perturbations  of  the  parameters  within  the 
meteorological  fields.   Accordingly,  it  is  important  to  understand  which 
mesoscale  phenomena  might  be  affected  and  the  range  of  such  effects. 

Designing  and  implementing  the  surface  mesoscale  weather  studies  for 
HIPLEX  has  been  a  cooperative  effort  among  a  number  of  groups  and  one  that 
continues  to  evolve.   The  role  of  the  Department  has  involved  participation 
in  the  design,  testing,  and  operation  of  the  mesonet  system.   A  more  detailed 
explanation  of  the  Department's  work  with  the  HIPLEX  mesoscale  studies  is 
presented  in  the  following  sections. 

B.  MESONET  WEATHER  STATION  DESIGN  AND  PRELIMINARY  TESTING 

1.   Mesonet  Station  Design 

Plans  for  the  HIPLEX  mesoscale  studies  called  for  development  of  a 
portable  automated  weather  station  capable  of  monitoring  such  meteorological 
parameters  as  pressure,  temperature,  humidity,  wind  speed  and  direction, 
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and  rainfall.   In  order  to  estimate  the  response  associated  with  mesoscale 
fluctuations,  it  was  first  necessary  to  find  out  how  sensitive  and  accurate 
the  required  instrumentation  should  be,  as  well  as  to  review  spatial  and 
temporal  parameters  of  station  siting  and  operation.   Therefore,  in  response 
to  a  request  of  the  Bureau,  the  Department  reviewed  many  of  these 
considerations  and  proposed  some  design   specifications  for  a  mesonetwork  in 
Montana  (Engel,  1978b;  Engel,  1978c).   A  summary  of  the  suggested  design 
specifications  is  shown  in  Table  4.   These  suggestions  were  preliminary. 
Nonetheless,  with  the  available  time  and  resources,  the  effort  was  made  to 
effectively  aid  development  of  a  comprehensively  designed  network. 

The  final  operating  specifications  established  by  the  Bureau  showed 
consideration  of  the  Department's  design  suggestions.   In  general,  the 
stations  were  designed  with  the  capability  to  monitor  pressure,  temperature, 
humidity,  wind  speed  and  direction,  and  rainfall.   Sampling  was  continuous, 
with  five-minute  summaries  stored  internally  by  a  microprocessor.   Every 
hour,  the  five-minute  summaries  were  transmitted  through  a  satellite  and 
other  communication  links  to  the  Bureau's  Engineering  and  Research  Center  in 
Denver  for  computer  storage  and  access.   In  turn,  the  various  field  sites 
could  access  data  from  the  stored  records  in  Denver  by  telephone  computer 
lines . 


Table  4.   Proposed  mesonet  design  specifications 
Parameter  Specification 


Station  spacing 
Mesonet  location 

Pressure  change  resolution 
Wind  speed  change  resolution 
Wind  direction  change  resolution 
Temperature  change  resolution 
Absolute  rainfall  amounts  resolution 
Moisture  change  resolution 
Sample  time 


approximately  10  km. 

ENE  area  of  radar 
operational  coverage 

.1  mb 

. lm/s . 

5  degrees 

.5  C 

.  25mm 

5  percent  relative  humidity 

5 -minute  intervals 
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2.   Preliminary  Mesonet  Station  Testing. 

a.  Intercomparison  Test  Procedures  —  Initially ,  25  mesonet  weather  stations 
were  manufactured,  and  were  operated  in  Texas  during  the  summer  of  1979. 
Twenty-four  of  the  stations  were  then  transferred  to  Montana  for  further 
testing  during  August  and  September  1979.   Seventeen  of  the  units  were 
available  for  immediate  use  in  the  testing  program.   The  purpose  of  this  six- 
week  test  was  to  set  up,  operate,  and  compare  the  stations,  as  shown  in 
figure  10,  and  to  understand  their  capabilities  and  performance.   However, 
due  to  a  lack  of  materials,  only  fourteen  of  the  stations  were  set  up  and 
run. 

When  the  installation  had  been  completed,  weather  data  were  collected  from 
the  line  of  mesonet  stations  during  the  period  from  early  August  through 
early  November  1979.   In  order  to  plot  and  compare  data  for  pattern 
similarities,  certain  software  routines  had  to  be  developed.   The  resultant 
ability  to  plot  daily  data,  by  parameter,  facilitated  rapid  comparison  among 
the  records  reported  by  each  station.   From  this  initial  data  comparison,  a 
quick  scan  of  the  data  would  reveal  any  major  discrepancies  in  the  reported 
records . 

b.  Intercomparison  Test  Results—Several  inconsistencies  in  the  data  were 
revealed  in  the  preliminary  testing  of  the  mesonet  platforms.   The  sensors 
generally  performed  as  specified;  however,  the  electronic  interfacing  and 
transmission  devices  between  the  sensors  and  satellite  reception  were  not 
always  satisfactory.   Among  the  shortcomings  noted  were:   improper  antenna 
assembly;  transmission  cable  continuity  failure;  signal  quality  degeneration; 
and  power  supply  loss.   The  major  source  of  potential  failure  seemed  to  be 
with  the  signal  conditioner.   Commonly  termed  the  "mother  board",  the  signal 
conditioner  interfaces  the  data  between  the  sensors  and  the  data  control 
platform  (DCP) .   At  times  the  electronic  interface  exhibited  variable 
performance;  examples  of  such  inconsistencies  include  difficult  and  variable 
calibrations,  and  temperature-variant  performance.   These  problems  were 
described  to  the  Bureau  (Engel,  et  al  1979)  and  subsequently  most  were 
remedied  by  the  manufacturer. 

Many  of  the  performance  difficulties  encountered  during  the  initial 
equipment  testing  were  caused  by  a  lack  of  understanding  concerning  the 
operation  of  the  equipment.   However,  several  problems  resulted  from  design 
inadequacies  and  variable  quality  control  in  the  manufacture  of  electronic 
components  and  equipment.   Overall,  most  of  the  sensors  matched  the  desired 
tolerances  and  specifications.   Further,  with  the  exception  of  pressure,  the 
initial  testing  showed  there  were  no  major  faults  in  sensor  design.   Although 
extensive  sensor  testing  was  not  performed,  the  sensors,  with  one  exception, 
met  the  meteorological  needs.   All  but  one  of  the  sensors  worked  well 
together  (specifically,  temperature  and  humidity),  indicating  that  sensor 
sensitivity  was  satisfactory.   On  the  other  hand,  pressure  data  generally 
exhibited  little  correlation  between  stations  and,  in  some  cases,  was 
temperature  dependent.   The  absolute  values  of  measured  parameters  did  not 
usually  agree,  indicating  a  calibration  problem. 

The  wind  direction  potentiometer  was  the  only  instrument  that  received 
extensive  testing.   As  an  outcome  of  this  testing  it  was  found  that  the  wind 
direction  potentiometer  would  introduce  errors  of  approximately  2.3  percent 
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Figure  10.   Line  of  mesonet  stations  used  in  the  1979  intercomparison  study, 
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in  the  calculated  wind  speed  and  approximately  1.5  percent  in  calculated  wind 
direction  for  relatively  light  winds.   If  the  winds  were  strong  the 
potentiometer  conformed  to  specified  needs  for  wind  direction. 

Problems  with  the  data  control  platforms  were  encountered,  the  most 
recurrent  being  intermittent  transmissions.   This  problem  involved  several 
DCPs  that  were  intermittent,  producing  the  appropriate  RF  power  at  times,  and 
no  power  at  other  times.   Such  occurrences  were  found  in  the  field  and  there 
were  occasional  recurrences  in  the  laboratory.   A  second  problem  was  the 
transmission  of  unintelligible  character  strings.   Other  suggested  DCP 
problems  included  variation  of  the  length  of  the  integration  period,  and 
variable  (rather  than  discontinuous)  RF  power  output.   Many  of  the  DCP 
concerns  were  reviewed  by  the  manufacturer  and  modifications  of  system 
hardware  were  subsequently  incorporated  into  the  stations.   In  later  field 
tests,  and  after  the  modifications  were  made,  the  DCP  performance  was  found 
to  be  more  satisfactory. 

The  most  important  portion  of  a  mesonet  platform  is  the  electronics  board 
interface,  yet  it  was  the  least  documented  and  the  least  known  component. 
Prior  to  installing  the  stations  in  the  intercomparison  configuration,  each 
electronics  board  was  calibrated  to  the  manufacturer's  specifications.   This 
involved  simulating  sensor  inputs  equal  to  those  of  the  ideal  sensor  and 
adjusting  various  potentiometers  until  an  appropriate  output  was  attained. 
In  contrast,  the  pressure  and  precipitation  sensor  signal  conditioners  were 
calibrated  to  the  sensor  measurements.   Some  sensors  had  a  history  of  proven 
performance  and  their  specified  sensor  outputs  were  considered  reliable.   But 
it  was  concluded,  partially  from  the  initial  intercomparison  study,  that  all 
calibrations  should  be  set  with  simulated  sensor  inputs  from  quality  voltage 
sources  in  the  laboratory.   In  this  way,  electronics  errors  would  not  be 
introduced  by  sensor  stimuli  into  the  calibration  process. 

During  the  initial  testing  the  electronics  interface  hardware  was  found 
to  be  temperature-sensitive.   Consequently,  it  was  suggested  that  further 
study  of  the  temperature  dependency  of  the  electronic  boards  be  made. 
Additional  refinements  of  the  hardware  were  incorporated  into  the  system 
after  additional  tests  were  performed  by  the  manufacturer. 

At  times,  the  data  acquisition  links  were  less  than  satisfactory.   Data 
losses  occurred  as  a  result  of  down  time  on  both  the  CYBER  computer  and  the 
primary  NESS  link.   The  data  losses  did  not  cause  significant  gaps  in  the 
data  base  and  were  anticipated.   Other  losses  occurred  due  to  parity  errors 
traced  to  weak  transmission  of  signals  from  the  stations;  in  some  situations 
the  problems  were  apparently  generated  somewhere  in  the  communications  link. 
Probably  the  most  significant  loss  of  data  resulted  because  operators  did  not 
adhere  to  the  established  communications  protocol;  efforts  were  made  to 
remedy  such  losses. 

During  the  intercomparison  testing  phase  an  effort  was  made  to  describe, 
as  explicitly  as  possible,  the  concerns  and  problems  encountered.   Some 
concerns  were  unfounded  and  others  were  premature;  certain  of  the  problems 
were  perceived  and  some  were  insoluble.   As  a  result  of  the  intercomparison 
work  researchers  gained  an  understanding  of  the  equipment,  and  established 
that  it  could  perform  well.   Further,  many  unforeseen  problems  and 
considerations  were  discovered  and  subsequently  addressed. 
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The  testing  afforded  an  important  learning  experience;  confidence  in  the 
system  improved  and  its  capabilities  became  apparent.   Most  of  the  necessary 
support  software  for  reception,  storage,  and  retrieval  of  the  data  was 
prepared,  and  it  performed  efficiently  for  the  initial  intercomparison  tests. 
All  plots  of  the  data  obtained  were  computer-generated  and  presented  in  the 
manner  shown  in  figures  11  through  13.   In  the  absence  of  this  preliminary 
testing,   preparations  for  field  operation  of  the  mesonet  stations  would  have 
been  severely  hampered,  if  not  precluded. 

c.  Supplemental  Test  Procedures --During  late  October  1979,  an  intensive 
effort  was  made  to  obtain  a  large  continuous  independent  data  set  to  compare 
with  similar  data  obtained  by  all  the  mesonet  stations.   The  primary  purpose 
of  this  test  and  analysis  was  to  determine  differences  between  a  standard 
(represented  by  the  independent  data)  and  the  mesonet  station  observations. 
In  making  this  assessment,  independent  data  were  obtained  from  two  separate 
sites;  one  site  was  located  between  stations  TCC  and  TCD  and  the  other 
between  TCH  and  TCI  (see  figure  10) .   The  specific  procedures  and  equipment 
used  in  this  comparison  study  are  discussed  in  Super  (1979);  the 
meteorological  parameters  involved  were  temperature,  wet  bulb  temperature, 
pressure,  and  wind  speed.   With  the  exception  of  some  pressure  readings  taken 
by  trained  clerical  staff,  all  independent  data  were  obtained  by  Department 
or  Bureau  meteorologists. 

d.  Supplemental  Testing  Analysis  and  Results—The  independent  data  and 
mesonet  station  data  were  first  reduced  to  independent  30-minute  averages 
that  were  used  in  all  later  analyses.   Subsequently,  whether  the  independent 
data  itself  was  representative  or  accurate  was  established  by  a  review  of 
these  data;  it  revealed  that  at  worst,  they  were  of  equal  quality  to  that 
specified  for  the  mesonet  stations  (Super  1979).   The  independent  data  were 
therefore  used  as  "ground  truth"  estimates  of  the  magnitude  and  tendencies  of 
the  real  values  for  meteorological  parameters  measured  by  the  mesonet 
stations . 

In  comparing  the  two  data  sets  it  was  found  that  for  all  parameters 
except  wind  speed,  the  differences  between  the  two  data  sets  were  large 
compared  to  the  equipment  specifications.   Consequently,  offsets  were 
calculated  that  constitute  the  average  difference  between  the  measured  value 
for  each  parameter,  as  established  by  the  independent  data  or  "standard",  and 
the  values  measured  by  each  mesonet  platform.   The  resultant  offsets  are 
summarized  in  table  5. 

In  order  to  simulate  the  performance  of  the  platforms  researchers  had  to 
determine  if  the  offsets  could  be  corrected  through  recalibration  or  field 
checks  and  analysis  software.   Accordingly  the  offsets  were  applied  to  the 
data  taken  by  the  mesonet  stations  and  these  "offset  data"  were  then  analyzed 
to  determine  the  actual  equipment  capabilities  (Super  1979).   The  analysis 
revealed  that,  although  the  stations  were  close  to  specifications,  they  did 
not  completely  conform.   A  further  analysis  of  the  offsets  calculated  for  the 
two-day  comparison  period  (29  and  30  October  1979)  suggested  that  the 
agreement  found  during  the  period  might  not  be  maintained  under  differing 
environmental  conditions. 
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Table  5.   Mesonet  Station  Parameter  Offsets  (for  29  and  30  October 
1979  data) 


Station   Pressure   Temperature   Rel.  Hum.    Wind  Speed   Wind  Dir. 

(mb)        (  C)         percent      (m/s  )        (deg.  true) 


2.0 

2.7 

-1.5 

-4.6 

2.9 

-1.9 

0.2 

-1.1 

0.5 

-1.0 

3.4 


TFA 

0.4 

-0.5 

TFB 

0.4 

-0.6 

TFC 

2.2 

-0.3 

TFD 

0.8 

-0.4 

TFE 

2.4 

-0.4 

TFF 

0.7 

-0.0 

TFG 

-0.6 

-0.5 

TFH 

2.2 

0.3 

TFI 

0.4 

-0.2 

TFJ 

1.4 

-0.4 

TFK 

0.5 

-0.7 

-8.3 

0.2 

-12.6 

0.1 

-12.9 

0.2 

-9.2 

0.0 

-8.5 

0.1 

-12.0 

0.0 

-10.3 

-0.0 

-12.8 

0.0 

-13.2 

-0.1 

-8.9 

0.1 

-10.3 

0.1 

In  summary,  the  results  of  this  testing  indicated  that,  if  offsets  could  be 
handled,  the  mesonet  stations  produce  temperature,  relative  humidity,  and  wind 
speed  and  direction  data  of  reasonable  accuracy.   Pressure  data  from  individual 
stations  did  not  track  well  together  and  therefore  calculated  pressure 
tendencies  would  result  in  considerable  error  if  used  to  generate  offsets.   It 
was  suggested  that  offsets  for  the  two-day  test  period  may  not  be  constant  for 
all  environmental  conditions.   Thus,  the  constancy  of  offsets  under  differing 
environmental  conditions  and  over  long  time  periods  of  several  months  should  be 
investigated.   Overall,  and  in  spite  of  some  problems,  this  initial  testing  was 
highly  important.   Valuable  experience  and  confidence  was  gained,  and  a  marked 
improvement  in  the  performance  of  the  mesonet  stations  resulted. 

3.   Mesonet  Field  Testing 

a.   Network  Design  Considerations  —  In  order  to  establish  an  operationally 
reliable  network  of  mesoscale  surface  weather   monitoring  stations,  an 
operational  testing  program  was  undertaken.   A  first  step  involved  a  review  of 
literature  pertaining  to  network  density  considerations  by  Bureau  and 
Department  scientists  (e.g.  Engel  1968),  and  the  development  of  several 
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fundamental  criteria  of  proper  station  spacing.    As  a  result,  a  rectangular 
grid  with  a  20  km  (12.5  mile)  spacing  between  stations  was  ultimately  chosen 
(figure  14) .    It  was  recognized  that  data  from  a  more  dense  network  would 
possibly  provide  more  reliable  descriptors  of  convective  processes.   Similarly, 
as  station  density  decreases  the  population  of  sampling  units  obtained  for 
statistical  analyses  would  suffer  because  of  a  limited  sampling  area.   The 
spacing  selected  was  therefore  a  compromise  which  involved  reflection  on  the 
need  for  sufficient  areal  coverage  and  the  finite  number  of  stations  available. 

The  overall  purpose  of  the  mesonet  was  to  provide  information  from  within 
the  convective  boundary  layer  about  the  formative  stages  of  convection  over  the 
semi-rugged  terrain  of  eastern  Montana.   Thus,  it  was  important  that  values  of 
the  data  fields  obtained  by  the  instruments  (i.e.  temperature,  pressure, 
humidity,  wind  velocity  and  direction,  and  precipitation)  were  representative 
of  surface  features  in  a  convective  boundary  layer.   With  this  in  mind,  and 
particularly  the  influences  of  topography  on  boundary  layer  flow,  site  exposure 
criteria  were  evaluated  and  subsequently  selected. 

In  developing  these  exposure  criteria  it  was  realized  that  the 
meteorological  fields  were  continuous  and  yet  the  data  were  discrete. 
Nonetheless,  it  was  anticipated  that  the  data  obtained  from  any  given  station 
would  adequately  portray  the  meteorological  fields  over  the  entire  area  that 
the  station  was  intended  to  represent.   The  network  itself  would  provide 
information  on  scales  more  than  twice  as  large  as  the  interstation  spacings. 
In  order  to  improve  the  applicability  of  the  data,  decisions  on  station 
exposure  were  intended  to  reduce  the  effects  of  these  smaller,  "unresolvable" 
scales . 

A  review  of  the  pertinent  literature  pointed  out  that  the  influence  of  the 
lower  boundary  on  the  flow  above  it  was  highly  dependent  on  the  stability  of 
the  boundary  layer  (Engel  1979)--as  the  boundary  layer  becomes  less  stable,  the 
influence  of  the  surface  penetrates  "deeper"  into  the  atmosphere.   Therefore, 
in  establishing  the  exposure  criteria,  it  was  necessary  to  define  the  surface 
features  that  might  influence  the  state  of  the  boundary  layer.   It  was  noted 
that  any  topographical  features  within  approximately  3  km  (1.8  miles)  of  a 
station  site  should  be  considered  as  possible  "obstructions"  to  the  flow  past 
the  site.   Obviously,  the  closer  a  feature  was  to  a  potential  site,  the  more 
influence  it  would  have.   The  most  important  parameter  in  site  selection  was 
the  character  of  the  surface  within  approximately  300  m  (1,000  feet)  of  the 
site.   "Obstructions"  to  seeing  a  horizontal  horizon  were  considered  as  a 
significant  influence  on  the  flow  if  they  extended  above  a  vertical  angle  of 
more  than  three  degrees  (1:20  slope).   Such  "obstructions"  were  considered 
serious  if  the  .angle  was  more  than  six  degrees  (1:10  slope). 

Further,  the  site  region  should  be  relatively  uniform  and  have  little  slope 
within  a  300  m  (1,000  feet)  radius  from  the  actual  platform  location, 
particularly  in  the  average  upwind  directions  (southeast  through  west).   Beyond 
that  region,  the  most  favorable  condition  is  a  continuing  flat  surface; 
otherwise  it  should  descend,  although  not  so  rapidly  that  strong  slope  occurs. 
Under  no  circumstances  would  a  site  be  selected  in  an  area  where  the  land 
adjacent  to  the  site  region  rises  appreciably.   The  effects  of  radiation  and 
evaporation  in  the  site  region  were  added  to  these  topographic  considerations. 
Accordingly,  sites  with  a  significant  southerly  or  northerly  aspect  were  not 
selected,  nor  those  with  a  body  of  water,  irrigated  field,  or  irrigation  system 
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Figure  14.   Rectangular  network  of  mesonet  stations  used  during  the  1980 
field  season  (20  kilometer  spacing) .   Each  mark  in  the  X-Y 
grid  denotes  a  distance  of  10  kilometers. 
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nearby.   In  general,  stations  were  not  to  be  located  within  0.3  to  0.5  km  (0.2 
m  to  0.3  mile)  from  bodies  of  water  or  0.5  to  1.0  km  (0.3  to  0.6  mile)  from 
sprinkler  irrigation  systems. 

b.   Mesonet  Station  Site  Selection—After  the  density  and  exposure  criteria 
were  established  for  the  mesonet  stations,  development  of  the  actual  field 
sites  was  initiated.   The  initial  step  involved  the  plotting  of  approximate 
site  locations  in  a  gridded  pattern  on  topographic  maps.   The  exposure  criteria 
were  then  incorporated  into  the  selection  process  to  reduce  the  number  of 
potential  site  locations  to  a  quantity  that  could  be  actually  inspected  by  a 
Department  meteorologist.   Final  site  selection  was  made  after  access 
considerations  were  reviewed  and  land  owner  permission  was  received. 

After  all  sites  were  selected,  and  access  and  land-use  permission  were 
obtained,  the  surveying  and  construction  of  site  enclosures  commenced.   A 
typical  site,  as  shown  in  figure  15,  measured  4m  x7m  (12  feet  x  24  feet)  with 
the  long  dimension  oriented  east-west.   A  fenced  enclosure  designed  to  deter 
large  wild  and  domestic  animals  from  damaging  the  station  was  built,  consisting 
of  six  posts  sunk  0.6  to  0.9  m  (two  to  three  feet)  into  the  ground  and 
reinforced  approximately  0.6m  (two  feet)  above  the  ground  with  5  cm  x  15  cm  (2 
inch  x  6  inch)  bracing.   Two  strands  of  barbed  wire,  one  above  and  one  below 
the  bracing,  completed  the  enclosure.   To  orient  the  station  wind  vane,  the 
true  north  direction  was  established  with  a  transit  fixed  on  sun  angles  and 
marked  with  a  survey  post.   The  elevation  was  calculated  from  microbarograph 
readings  obtained  at  each  site  and  cross-checked  with  U.S.  Geological  Survey 
map  records . 
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Figure  15.   Typical  mesonet  weather  station  site  installation, 
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The  instrument  platform  was  placed  near  the  eastern  edge  of  the  enclosure 
and  sufficiently  inside  to  preclude  large  animals  from  reaching  any  part  of  the 
platform.   One  of  the  equilaterial  sides  of  the  station  tripod  paralleled  the 
southern  edge  of  the  enclosure.   The  mast  containing  the  wind  instruments  was 
mounted  on  the  north  corner  of  the  platform,  while  the  temperature  and  humidity 
probes  were  mounted  on  the  southwest,  or  prevailing  upwind  corner.   The  solar 
panels  and  transmitter  antenna  were  mounted  on  the  south  side  of  the  platform 
so  that  the  platform  itself  would  not  interfere  with  their  proper  operation. 
The  Belfort  raingage  was  placed  toward  the  western  edge  of  the  enclosure,  in 
the  prevailing  upwind  direction,  to  minimize  any  interference  from  the 
instrument  platform. 

Once  selected,  all  potential  site  positions  were  codified,  starting  with 
the  station  located  in  the  southwest  corner  of  the  rectangular  grid;  this 
station  was  designated  as  the  origin  position  of  AA.   For  each  respective  10  km 
(6.2  mile)  interval  to  the  east  and  north  of  the  origin,  the  site 
identification  was  incremented  up  by  one  alphanumeric  digit.   This  grid  was 
plotted  as  shown  in  figure  14  and  each  potential  site  was  identified  by  a  three 
character  identifier  with  M  (for  Montana)  being  the  first  character,  followed 
by  the  column  identifier  (X)  and  then  the  row   identifier  (Y)  (e.g.  the  bottom 
row  was  MAA,  MAB ,  MAC.  .  .etc.). 

During  1979,  forty-eight  sites  were  established  in  an  8  x  6  grid  as  shown 
in  figure  14,  with  an  interstation  spacing  of  20  km.   An  additional  station  was 
located  near  the  HIPLEX  headquarters  at  the  Miles  City  Airport.   In  1980,  the 
rectangular  gridded  network  was  expanded  to  the  north  and  west  as  shown  in 
figure  16  in  preparation  for  the  1981  Cooperative  Convective  Precipitation 
Experiment  (CCOPE) .   A  further  element  of  this  siting  activity  included  the 
establishment  of  a  denser  network  within  the  larger  network.   Consisting  of 
approximately  50  sites,  potential  locations  for  stations  in  the  dense  network 
were  subjected  to  the  selection  criteria  discussed  earlier  and  positioned  in  a 
manner  to  minimize  exposure  influences.   Consequently,  due  to  the  limited 
number  of  sites  available  within  this  reduced  area,  the  resultant  sites  formed 
a  pattern  with  a  less  uniform  array  (i.e.  the  dense  network  did  not  constitute 
a  uniform  rectangular  array).   Identifiers  for  sites  in  the  dense  network  were 
again  a  three  digit  code  numbered  consecutively  from  M01  through  M51.   The 
first  identifier  showed  the  ownership  of  the  mesonet  platform,  either  the 
Bureau  (M)  or  NCAR  (D) . 

c.   Mesonet  Field  Operations  and  Service- -During  the  1980  field  season,  mesonet 
equipment  was  installed  and  operated  at  about  one-half  of  the  original  48 
sites.   The  purpose  of  these  activities  was  to  conduct  a  shakedown  test  of  the 
mesonet  data  acquisition  system  under  field  operating  conditions.   This  testing 
would  provide  the  experience  and  training  needed  to  assure  that  high  quality 
mesonet  data  would  be  otained  during  the  1981  CCOPE  as  well  as  in  future  HIPLEX 
experiments.   Field  experience  gained  in  working  with  the  mesonet  equipment 
would  permit  development  of  maintenance  and  calibration  procedures  that  would 
be  efficient  as  well  as  consistent  with  the  physical  limitations  of  equipment, 
personnel,  and  anticipated  resources.   In  this  sense,  it  was  more  important  to 
gain  experience  with  the  equipment  and  field  logistics  than  to  obtain  a  highly 
accurate  data  base.   Nonetheless,  considerable  effort  was  made  to  assure 
accuracy  of  the  data  since  the  success  of  the  mesonet  operations  during  CCOPE 
and  other  experiments  would  be  intimately  related  to  data  quality. 
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Figure  16.   Location  of  mesonet  stations  to  be  used  in  the  1981  Cooperative 
Convective  Precipitation  Experiment  (CCOPE) .   Sites  designated 
with  the  prefix  "D"  constitute  the  dense  network  of  stations. 
Dense  network  sites  denoted  by  a  closed  circle  are  PAM  stations 
operated  by  NCAR;  the  remainder  are  Bureau  PROBE  stations. 
Each  mark  in  the  X-Y  grid  denotes  a  distance  of  10  kilometers. 
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Aside  from  the  normal  tasks  associated  with  operating  the  equipment  in  a 
field  setting,  independent  measurements  of  the  weather  parameters  were 
routinely  recorded  at  each  mesonet  site.   Such  independent  data  were  collected 
from  mid-May  through  July  and  involved  weekly  measurements  at  each  mesonet 
station  location  for  approximately  one-hour  periods.   In  order  to  assure 
meaningful  comparisons  of  the  two  data  sets  (i.e.  station  and  independent),  the 
independent  data  were  collected  so  that  measurement  intervals  coincided  exactly 
with  those  of  each  mesonet  station.   To  acquire  the  independent  meteorological 
data  a  field  technician  had  to  travel  to  each  site,  prepare  the  equipment  for 
comparison  measurements  and  record  data  for  approximately  one  hour.   Depending 
on  travel  distances  from  the  HIPLEX  headquarters,  one  technician  could  collect 
data  at  two  or  three  sites  during  the  day. 

The  independent  data  were  obtained  from  hand-held  sensors  as  well  as  those 
mounted  on  a  "portable"  mesonet  station.   The  hand-held  instruments  included: 
(1)  an  American  Paulin  precision  microbarometer  which  was  positioned  on  the 
field  service  truck  at  approximately  the  same  height  as  the  PROBE  pressure 
transducer;  and  (2)  a  Weathertronics  Assmann  pshychrometer  which  was 
temporarily  mounted  on  the  PROBE  platform  at  the  same  height  as  the  relative 
humidity/temperature  sensor.   The  portable  mesonet  station  consisted  of  four 
sensors  which  measured  wind  speed,  wind  direction,  relative  humidity  and 
temperature.   The  wind  instruments  were  mounted  on  a  temporary  tower  that  was 
attached  to  a  frame  on  the  service  truck.   Both  sensors  involved  were  at  the 
same  height  as  those  found  on  the  PROBE  station.   Relative  humidity  and 
temperature  were  measured  with  a  sensor  that  was  temporarily  mounted  adjacent 
to  the  PROBE  relative  humidity/temperature  sensor.   All  sensors  on  the  portable 
station  were  identical  to  those  used  on  the  PROBE  station. 

During  each  evaluation,  the  PROBE  station  continued  to  routinely  monitor 
the  weather,  while  a  HANDAR  programming  set  (Model  526)  stored  temperature, 
humidity  and  wind  data  from  sensors  on  the  portable  station.   At  routine 
intervals  the  technician  recorded  observations  from  the  microbarometer  and  the 
psychrometer .   The  electronic  interfacing  and  data  control  on  the  portable 
station  were  nearly  the  same  as  those  used  in  the  normal  PROBE  stations.   The 
only  difference  in  data  handling  was  that  the  PROBE  station  transmitted  its 
data  through  the  satellite  and  back  to  Miles  City  via  a  computer  link,  while 
data  from  the  portable  station  were  stored  locally  in  the  HANDAR  programming 
set.   After  the  specified  test  period  the  technician  recorded  the  portable 
station  observations  in  tabular  form  and  hand-carried  the  information  to  Miles 
City  for  subsequent  analysis. 

In  the  fall  of  1980,  an  analysis  was  performed  to  compare  and  contrast  the 
data  collected  by  the  platforms  in  the  field  with  that  independent  data 
collected  at  weekly  intervals  throughout  the  summer.   Overall,  the  analysis 
found  that  the  mean  errors  between  the  intercomparison  data  sources  were 
smaller  than  the  mean  squared  errors  of  the  data  itself  (see  table  6) .   This 
inferred  that,  neglecting  the  few  exceptional  platforms  where  mean  errors  were 
large,  actual  meteorological  variability  or  sensor  sampling  error  was  in  the 
range  limited  by  current  technological  capabilities.   In  other  words,  the 
trained  meteorologist  simply  cannot,  for  the  most  part,  measure  meteorological 
parameters  any  more  accurately  than  that  given  by  the  mesonet  platforms  (within 
the  restrictions  of  instrumentation  costs).   The  conclusion  that,  in  general, 
the  platforms  were  accurately  measuring  meteorological  parameters   was 
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corroborated  by  NCAR  personnel  who  were  working  with  an  independent 
intercomparison  test  near  Boulder,  Colorado  during  July  of  1980. 


Table  6.   Mean  differences  and  mean  measurement  standard  deviations  (in 
parenthesis),  between  data  samples  taken  during  the  1980  field  season.   Given 
are  the  differences  between:   (A)  hand-held  instruments  and  the  field  mesonet 
station,  (B)  hand-held  instruments  and  a  portable  mesonet  station,  and  (C) 
the  portable  mesonet  station  and  the  field  mesonet  station. 

METEOROLOGICAL 

PARAMETER  (A)  (B)  (C) 

Temperature  (C)  -0.16(0.68)  -0.25(0.30)       0.13(0.62) 

Rel.  Humidity  (%)  -0.12(1.90)  -0.13(0.70)       -0.05(2.09) 

Windspeed  (m/s)  -0.30(0.39) 

Pressure  (mb)  0.34(1.67) 


d.   Mesonet  Data  Management  —  Before  and  during  the  field  mesonet  operations,  a 
substantial  number  of  computer  products  were  generated  for  network  planning  and 
design,  as  well  as  routine  data  handling  and  analyses.   A  major  portion  of  the 
computer  software  was  needed  to  access  data  after  it  was  received  from  the 
satellite.   Computer  listings  and  plots  of  data  were  also  used  to  review  the 
operational  status  of  mesonet  equipment.   Comparisons  of  data  from  one  field 
site  to  another  were  made  in  order  to  detect  abnormalities  in  the  data.   In 
addition,  plots  were  developed  of  meteorological  parameter  changes  over  time 
for  individual  stations  as  well  as  maps  that  present  streamlines  and  isopleths 
for  selected  parameters.   Examples  of  such  plots  are  shown  in  figures  17  and 
18.   Those  computer  programs  that  were  placed  on  the  Cyber  computer  system  in 
Denver  and  a  brief  description  of  each  program's  name  and  function  are  listed 
in  table  7.   Table  8  presents  a  listing  of  the  contoured  plots  of  mesonet 
platform  data  that  can  be  produced  by  the  computer  program  SFCANLF . 

Although  the  major  software  needed  to  monitor  the  mesonet  stations  has  been 
developed,  a  certain  amount  of  updating  will  be  needed  for  future  mesonet 
activities.   In  addition,  existing  software  will  need  to  be  converted  for  use 
on  a  new  mini-computer  system  at  the  Miles  City  HIPLEX  headquarters.   Further 
programming  tasks  will  include  development  of  additional  statistical  packages 
for  use  in  the  analyses  of  mesonet  data.   In  order  to  facilitate  the  assessment 
of  mesonet  data,  the  software  will  be  designed  to  interface  data  accessing 
schemes  and  cataloging  procedures  with  future  analyses  routines. 
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MONTANA       MES05CALE  NETWORK  DATA 

80/05/01     2330  CUT 


SW  CORNER:  46  25  00  N  LAT 
NE  CORhER:  47  07  00  N  LAT 


105  35  00  W  LON 
104  15  00  W  LON 


— STREAM.INES 

^MOISTURE  DIVERGENCE  (E-6SEC-1) 


Figure    18.      Plot   of   streamlines    and  moisture   convergence    from  mesonet   station 
data   at    2330   CUT   on    1   May    1980. 
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Table  7.   Computer  programs  and  programming  aids  relating  to  HIPLEX  mesonet 
operations . 


Program  Name 
(Fortran  Source) 


Program  Description 


SFCANLF 
(TSOURCE) 


Produces  contoured  plots  of  GOES  platform  data 
by  objective  analysis.  GOES  data  file  and 
calibration  file  must  be  on  disk. 


GAPF 
(TSOURCE) 


Plots  up  to  72  hours  of  GOES  platform  data.  All 

measured  parameters  are  plotted  on  one  plot. 

GOES  data  file  and  calibration  file  must  be  on  disk. 


SUNANGL 


Gives,  by  operator  choice,  a  single  pair  or  a 
complete  listing  for  a  day  of  solar  altitude  and 
azimuth.   This  routine  uses  a  geometric  (visual 
optics)  algorithm  -  therefore  the  refraction  of 
radio  waves  (as  in  radar)  is  not  accounted  for. 


GTMPF 
(TSOURCE) 


Plots  GOES  platform  data  (Parameter  versus,  time)  for 
one  or  more  platforms  on  the  same  plot.  GOES  data 
file  and  calibration  file  must  be  on  disk. 


LISTGF 
(TSOURCE) 


Lists  the  actual  data  record,  as  transmitted  from 
the  GOES  platform,  for  a  given  DCP  ID  and  time. 
The  GOES  data  file  must  be  on  disk. 


MAPF 
(TSOURCE) 


Plots  on  HB  7202A  plotter  or  with  PL0T10  FAA  flight 
tracks,  eastern  Montana  geography,  and  desired  points 
to  any  desired  scale. 


MGTIMEF 
(TSOURCE) 


Produces  matrix  listing  for  a  day  (CUT)  showing 

the  integrity  of  each  hour's  data  record  for  each 

goes  platform  in  Montana.  The  GOES  file  must  be  on  disk. 


MLSBARO 
(TSOURCE) 


Routine  to  give  corrected  station  pressure,  using 
the  DNRC  mercury  barometer  at  Miles  City. 


MNET1F 
(TSOURCE) 


Lists  all  GOES  platform  data  for  a  given  project 
for  a  given  time. 


MNET2F 
(TSOURCE) 


Lists  all  GOES  data  for  a  single  platform  for  a 
given  time  interval. 


LISTCF 
(TSOURCE) 


Lists  calibration  data  file,  either  for  selected 
stations  or  the  whole  file. 


SSPF 
(TSOURCE) 


Determines  standard  station  pressure,  using  the  45N 
summertime  U.S.  standard  atmosphere,  for  a  given 
altitude. 
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Table  7  (continued) 


EFINPUT 
(TSOURCE) 


Generates,  on  Tape2 ,  a  file  identical  to  the  input 
file,  except  that  all  input  records  whose  first  ten 
characters  are  'return'  are  converted  to  EOF's. 


HRLYS 
(TSOURCE) 


Lists  data  for  a  selected  GOES  platform  on  each 
hour  for  the  selected  time  interval. 


RADCOOR 
(TSOURCE) 


Generates  a  file  (on  tape2)  of  station  IDS,  LATS , 
LONS ,  x  Radar  Coordinate,  and  Y  Radar  Coordinate 
using  a  great  cricle  routine  from  a  file  (on 
tapel)  containing  3-char  ID,  LAT  and  LON  in  the 
format:   XXX  DDD  MM  SS   DDD  MM  SS. 


SUMMRY 
(TCLIB) 


UN I TEST 
(TCLIB) 


CF2PE 
(TSOURCE) 


Produces  a  listing  of  max,  min,  and  means  for 
temperature,  pressure,  etc.  on  a  daily  basis 
for  a  selected  station  and  time  period. 

Routine  to  produce  statistics  on  mesonetwork  data, 
designed  for  use  in  determing  "Analysis  Calibrations" 
for  individual  platform  sensors  for  case  study  analyses 

Will  generate  a  permanent  file  (9CF2PE)  listing 
the  calibration  data  from  a  given  project  and  year 
for  a  GOES  platform  calibration  file.  Written 
to  provide  output  to  use  on  the  Perkin-Elmer . 


GF2PE 
(TSOURCE) 


Will  generate  a  permanent  file  (9GF2PE)  listing  the 
raw  GOES  platform  data  for  the  desired  project/year 
and  time  interval.  Written  to  provide  output  to  use 
on  the  Perkin-Elmer. 


CLSTDMP 
(DNRCPRC) 


A  procedure  file  which  generates  and  submits  a  job  to 
dump  (Backup)  the  entire  ER12001  cat  list  on  magnetic  tape 


FITTABL 
(TSOURCE) 


A  routine  with  fits  a  5th  order  polynomial  to  input  data 
points  (locally),  and  produces  a  table  (on  tapel3)  of 
X  US.  Y,  DY/DX,  and  (D/DX)DY/DX. 
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Table  8.   Various  fields  or  plots  of  mesonetwork  data  which  can  be  produced 

by  SFCANLF. 

1  -  Battery  Voltage  (VDC) 

2  -  Pressure  (Mb) 

3  -  Temperature  (Deg  C) 

4  -  Relative  Humitidy  (Percent) 

5  -  U  Speed  (m/sec) 

6  -  V  Speed  (m/sec) 

7  -  Precipitation  (mm) 

8  -  Solar  Radiance  (watt/sq  m  ) 

9  -  Streamlines 

10  -  Isotachs  (m/s) 

11  -  Pressure  Change  (Mb) 

12  -  Divergence  (E-4  sec  ) 

13  -  Moisture  Divergence  (E-6sec  ) 

14  -  Dew  Point  (Deg  C) 

15  -  Dew  Point  Depression  (Deg  C) 

16  -  Relative  Vorticity  (E-4  Sec  ) 

17  -  Virtual  Temperature  Elevation  (Deg  C) 

18  -  Streamlines  Less  Mean  Wind 

19  -  Potential  Temperature  (Deg  K) 

20  -  Equivalent  Potential  Temperature  (K) 

21  -  Mixing  Ratio  (Grams/Kg) 

22  -  Station  Model  (T,  TD,  P) 

23  -  Station  Model  (THETA,  MR,  THETA  E) 
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CHAPTER  III.   PUBLIC  INVOLVEMENT  IN  MONTANA  HIPLEX 

By 

G.  Knudsen 

PART  I.   INTRODUCTION 

Research  associated  with  the  HIPLEX  program  can  have  a  substantial 
influence  that  is  either  real  or  perceived.   If  the  program  is  to  achieve  its 
goals,  the  people  who  may  be  affected  should  understand  the  scope  and  function 
of  the  program,  its  goals  and  objectives,  and  the  steps  taken  to  protect 
citizen  interests.   Further,  the  ultimate  adoption  of  any  subsequent  technology 
will  require  decision-making  by  the  public.   Accordingly,  those  who  might 
utilize  or  be  influenced  by  this  technology  must  understand  its  capabilities 
and  effects. 

Among  the  tasks  of  the  Department,  as  set  forth  in  the  federal-state 
cooperative  agreement  for  the  Montana  HIPLEX  operations,  is  coordinating  the 
public  involvement  aspects  of  the  program.   The  Department  has  therefore 
conducted  a  comprehensive   public  information  program  with  the  following  goals: 

1.  to  maintain  public  knowledge  and  awareness  of  HIPLEX  at  a  level  that 
sustains  citizen  interest  in  the  program  and  encourages  informed 
comment ;  and 

2.  to  assure  that  persons  who  might  be  affected  by  the  resultant  HIPLEX 
technology  have  the  knowledge  and  understanding  to  make  informed 
decisions  on  its  adoption. 

Several  activities  were  carried  out  to  achieve  these  goals;  the  following 
dicussion  presents  an  explanation  of  what  was  done. 

PART  II.   PUBLIC  INVOLVEMENT  ACTIVITIES 

An  important  rationale  for  the  HIPLEX  public  involvement  activities  is  that 
the  public  needs  to  be  allowed  to  participate  in  the  program,  and  to  do  this, 
there  must  be  an  understanding  of  HIPLEX.   Consequently,  the  Department  made  a 
considerable  effort  to  improve  citizen  knowledge  on  weather  modification  and  the 
HIPLEX  operations.   The  following  discussion  of  that  effort  is  divided  into  two 
parts:   public  information  and  education,  and  public  interaction. 

A.   PUBLIC  INFORMATION  AND  EDUCATION 

1.   Public  Presentations 

From  the  start  of  activity  with  the  Montana  HIPLEX  operations, 
representatives  of  the  Department  have  given  a  number  of  tours  and  public 
presentations  on  HIPLEX.   Since  the  first  part  of  1977  Department  personnel 
have  participated  in  over  100  such  presentations  which  have  been  given  to  more 
than  2,000  persons.   The  audiences  have  been  diverse  and  have  ranged  from  grade 
school  classes  through  County  Commissions  and  Planning  Boards  to  professional 
and  civic  organizations.   The  talks  have  been  given  throughout  the  state, 
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although  most  were  to  groups  and  individuals  residing  in  the  HIPLEX  study 
area. 

Most  of  the  presentations  have  dealt  with  the  science  of  weather 
modification,  and  the  HIPLEX  research  program,  including  an  overview  of  the 
operations  and  activity  to  date.   In  large  measure  they  have  been  focused  on 
providing  information  pertaining  to  HIPLEX.   Along  with  their  informational  and 
educational  value  to  HIPLEX,  these  presentations  have  also  served  as  informal 
forums  in  which  the  public  can  present  its  questions  and  concerns  about  HIPLEX 
as  well  as  about  weather  modification.   With  little  exception,  the  audiences 
have  been  supportive  of  HIPLEX  and  wish  to  know  more  about  the  program. 

During  late  summer  1980,  special  HIPLEX  presentations  were  given  at  five 
county  fairs  within  the  experimental  area.   The  presentations  involved  a 
display  booth  containing  photographs  of  important  aspects  of  HIPLEX,  a  narrated 
slide  show  on  the  research,  and  a  cloud  chamber  which  demonstrated  the 
principles  of  dry  ice  seeding.   A  representative  of  the  Department  accompanied 
the  display  and  responded  to  all  questions  and  comments  that  were  raised.   As  a 
result  of  the  fair  presentations,  many  people  in  the  experimental  area  became 
aware  of  HIPLEX.   Hundreds  of  individuals  developed  an  understanding  of  the 
project  and  even  the  casual  viewers  learned  something  about  HIPLEX  and  its 
general  purpose  and  progress. 

2.  Media  Coverage 

The  public  presentations  were  a  substantial  part  of  the  HIPLEX  public 
information  and  education  effort.   However,  it  was  obviously  not  possible  to 
reach  many  of  the  eastern  Montana  residents.   Accordingly,  whenever  possible, 
media  coverage  of  all  aspects  of  HIPLEX  was  obtained.   In  general,  this 
involved  inviting  media  representatives  to  HIPLEX  meetings,  providing  special 
tours  of  the  project  for  members  of  the  press  and  preparing  special  news 
releases  on  aspects  of  the  program.   From  time  to  time  members  of  the  HIPLEX 
staff  were  able  to  discuss  the  HIPLEX  program  during  radio  and  television 
interviews.   At  all  times,  requests  for  information  from  the  media  were  met  and 
an  emphasis  was  made  on  providing  substantive  responses  to  all  queries. 

Since  early  1977,  the  Department  has  published  a  HIPLEX  newsletter,  Weather 
Modification  in  Montana,  which  is  educational,  as  well  as  informational;  its 
primary  focus  has  been  the  activities  and  achievements  of  HIPLEX.   In  addition, 
it  has  provided  detail  on  other  weather  modification  research,  on  operational 
programs  and  on  and  state  and  national  laws  and  policies  that  affect  this 
technology.   Nearly  all  respondents  to  a  reader  survey  made  during  the  spring 
of  1980,  felt  the  newsletter  articles  were  not  too  technical  and  that  the 
newsletter  had  improved  their  understanding  of  weather  modification.   It  was 
the  consensus  that  the  articles  should  deal  with  weather  modification  in 
general,  as  well  as  with  HIPLEX  activities.   All  respondents  to  the  survey 
expressed  an  interest  in  receiving  future  issues  of  the  publication. 

3.  General  Activities 

An  open-door  policy  at  the  HIPLEX  research  site,  and  a  desire  to  gather 
support  and  understanding  of  the  program  has  guided  all  dealings  with  the 
public.   Individuals  seeking  information  on  the  program  have  received  quick 
responses.   Those  who  actually  visited  the  research  headquarters  were  given 
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tours  of  the  facilities  and  were  able  to  meet  with  a  knowledgeable  staff  member 
to  discuss  the  program.   Further,  Department  involvement  in  HIPLEX  required 
staff  members  to  make  numerous  trips  to  field  installations  throughout  the 
study  area.   Consequently,  these  individuals  were  encouraged- -and  took  the 
time--to  discuss  the  HIPLEX  project  with  cooperating  landowners  and  other 
persons  encountered  during  these  trips . 

B.   PUBLIC  INTERACTION 

1.   Citizen  Advisory  Groups 

As  discussed  earlier,  the  public  information  and  education  efforts  involved 
communication  with  residents  of  the  study  area.   In  addition,  these  efforts 
gave  citizens  an  opportunity  to  contribute  input  to  the  decision-making 
process.   However,  a  futher  mechanism  was  needed  to  assure  that  public 
participation  in  HIPLEX  was  as  effective  as  possible.   As  in  several  weather 
modification  programs  elsewhere,  citizen  advisory  groups  were  established  to 
facilitate  regular  public  interaction  in  HIPLEX  that  was  based  on  a  reasonable 
knowledge  and  comprehension  of  the  project. 

Since  the  initiation  of  HIPLEX  two  citizen  advisory  groups  have 
participated  in  the  decision-making  process  for  the  program.   The  first  group, 
the  Citizens  Advisory  Committee,  was  organized  in  1975  and  consisted  of  seven 
members  from  Prairie,  Custer,  and  Rosebud  counties.   The  objectives  of  the 
Committee  were : 

1.  to  become  well-informed  on  the  research  goals  and  activities  of  HIPLEX, 
and  convey  this  understanding  to  its  constituency. 

2.  to  provide  HIPLEX  researchers  with  guidance  and  advice  needed  to  reduce 
program  conflict  with  local  citizen  activities. 

This  group  remained  in  existence  and  played  a  role  in  HIPLEX  through  1977. 
However,  near  the  latter  part  of  the  period  the  group  became  less  involved  for 
a  variety  of  reasons.   The  nature  of  the  research  at  the  time  (i.e.,  developing 
background  meteorological  data)  was  such  that  members  lost  their  motivation  and 
did  not  contribute  the  time  needed  to  assure  the  effectiveness  of  the  group. 
Further,  since  the  committee  did  not  have  formal  standing  it  was  not  possible 
to  reimburse  to  members  for  the  expense  of  attending  the  meetings.   Finally, 
several  members  felt  they  would  be  better  able  to  represent  their  constituency 
if  they  were  appointed  on  behalf  of  a  governing  body  in  their  respective 
counties  (e.g.  Board  of  County  Commissioners).   Therefore,  it  was  decided  that 
the  committee  could  not  work  effectively  toward  achieving  its  stated  objectives 
and  the  group  was  disbanded. 

In  spite  of  the  experience  with  the  first  HIPLEX  advisory  group,  it  was 
felt   that  direct  public  participation  in  the  program  could  best  be  assured 
through  some  type  of  citizen  advisory  group.   Consequently,  in  early  1980,  a 
new  ten-member  citizen  advisory  council  was  appointed.   This  group,  the  Weather 
Modification  Advisory  Council,  was  appointed  by  the  Governor  for  two-year  terms 
under  the  laws  of  Montana.   All  members  were  proposed  to  the  Governor  by  Boards 
of  County  Commissioners  from  the  ten  counties  which  encompass  most  of  the  study 
area,  and  consisted  of  seven  county  commissioners  and  three  county  extension 
agents,   Since  the  council  was  a  legally  designated  entity  with  a  formal 
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standing  under  Montana  statute,  members  could  be  reimbursed  for  the  expense  of 
attending  meetings. 

The  purpose  of  the  Council  is  to  act  as  a  liaison  between  the  HIPLEX 
research  and  residents  of  their  respective  counties.   The  group  is  thoroughly 
briefed  on  the  HIPLEX  research  program  and  serves  as  contact  for  local  citizens 
seeking  information  on  the  program.   In  addition,  the  Council  furnishes  advice 
and  makes  recommendations  on  such  matters  as:  (1)  the  risks  the  community  is 
willing  to  accept  in  the  seeding  and  study  of  thunderstorms;  (2)  when  the 
studies  should  be  carried  out  so  as  not  to  interfere  with  such  activities  as 
harvesting,  and  planting  and   (3)  when  water  through  cloud  seeding  would  likely 
be  beneficial.   In  light  of  the  ideas,  comments,  and  information  provided  the 
Council  by  area  residents,  the  group  also  considers:   (1)  the  concerns  of  the 
communities  regarding  the  research  project;  and  (2)  those  aspects  of  the  HIPLEX 
research  that  are  of  most  concern  to  the  people  of  eastern  Montana. 

To  date  the  Weather  Modification  Advisory  Council  has  had  two  meetings 
during  which  the  members  received  detailed  briefings  on  all  aspects  of  HIPLEX. 
At  subsequent  meetings  the  group  will  address  topics  such  as  those  outlined 
above.   The  meetings  have  been  well  attended,  and  members  have  provided  a 
number  of  useful  ideas  to  the  HIPLEX  researchers. 

On  the  basis  of  these  sessions  and  interim  discussions  with  members  of  the 
Council  it  appears  that,  in  large  measure,  the  difficulties  confronted  with  the 
first  HIPLEX  advisory  group  have  been  resolved. 

2.   Public  Forums 

Advances  made  by  HIPLEX  scientists  will  not  necessarily  determine  program 
success;  rather  it  may  occur  when  the  public  understands  the  risks  and  rewards 
of  developing  and  using  the  technology,  and  acts  upon  this  understanding. 
Consequently,  working  with  members  of  the  Miles  Community  College  of  Miles 
City,  the  Department  initiated  planning  for  a  series  of  public  forums  on 
weather  modification.   Funded  through  a  grant  from  the  National  Science 
Foundation,  the  forums  will  provide  information  on  weather  modification  to 
citizens  of  eastern  Montana.   This  will  be  accomplished  through  a  series  of 
carefully-designed  forums  in  which  the  problems  and  prospects  of  weather 
modification  will  be  presented  and  discussed.   A  planning  committee, 
representing  a  cross-section  of  opinion  and  background,  will  coordinate  the 
forums  and  assure  that  a  diverse,  balanced  program  results.   Through  this 
project,  citizens  will  be  able  to:   (1)  deal  objectively  with  this  technology; 
(2)  have  an  active  role  in  the  design  and  conduct  of  HIPLEX;  and  (3) 
effectively  participate  in  the  development  of  a  state  weather  modification 
policy.   Miles  Community  College  will  sponsor  the  forum  project  as  a  part  of 
its  continuing  education  services  to  residents  of  sparsely-populated  eastern 
Montana.   Most  of  the  forum  activity  will  take  place  during  1981,  although 
actual  completion  of  the  program  will  not  occur  until  1982. 
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CHAPTER  IV.   ASSOCIATED  IMPACT  ASSESSMENT  STUDIES 

By 

T.  Weaver  and  B.  Haglund 

PART  I.   INTRODUCTION 

People  of  the  northern  High  Plains,  like  so  many  others  living  in  dry 
areas,  have  sought  to  increase  the  regional  water  supply.   This  interest,  which 
is  due  to  the  dry  steppe  or  desert  climate  (Whittaker  1975),  has  in  turn 
prompted  interest  in  warm-season,  cloud  seeding  such  as  that  being  developed 
through  HIPLEX.   Before  a  cloud-seeding  technology  is  applied,  those  who  may  be 
affected  by  its  use  will  wish  to  be  assured  that  its  benefits  will  exceed  its 
disbenef its .  Accordingly,  an  assessment  of  the  impacts  associated  with  the  use 
of  a  growing  season  weather  modification  technology  was  an  integral  element  of 
the  HIPLEX  research  design.   To  accomplish  this  the  Department  of  Natural 
Resources  and  Conservation  was  assigned  the  primary  responsibility  for  the 
impact  assessment  portion  of  the  northern  High  Plains  HIPLEX  research.   As  set 
forth  in  the  State-Federal  Cooperative  Agreement,  the  Department  undertook 
efforts  to  " .  .  .  define  state-oriented  planning  type  investigations  and 
associated  research  studies,  and  recommend  approaches  to  reduce  the 
uncertainties  in  the  associated,  nonmeteorological  areas." 

Objectives  of  the  impact  assessment  work  during  the  five-year  agreement 
period  were  therefore:   (1)  to  develop  a  problem  analysis  of  associated 
nonmeteorological  aspects  of  warm  season  weather  modification  as  they  pertain 
to  Montana  and  the  northern  Great  Plains,  (2)  to  plan  a  research  program  which 
addresses  the  critical  problems  identified  in  the  problem  analysis,  (3)  to 
perform  preliminary  studies  on  the  potential  impacts  of  using  a  warm  season 
weather  modification  technology,  and  (4)  to  continually  review  the  status  of 
the  program  and  knowledge  in  the  field. 

The  following  four  sections  outline  the  effort  made  to  meet  these 
objectives  and  include:   (1)  a  problem  analysis  of  features  of  the  human 
environment  which  are  likely  to  be  sensitive  to  rainfall  augmentation,  (2)  the 
resultant  research  design,  (3)  the  project  status,  and  (4)  a  synthesis  and 
discussion  of  research  findings.   Individual  research  reports  conclude  this 
area  of  Department  involvement  in  HIPLEX. 

PART  II.   PROBLEM  ANALYSIS 

The  purpose  of  the  problem  analysis  was  to  select  the  potentially  important 
effects  of  weather  modification  which  were  practical  to  analyze  and  significant 
to  Montana  and  the  remainder  of  the  northern  High  Plains.   This  analysis 
preceeded  initiation  of  studies  and  is  done  continually.   The  manner  in  which 
the  components  of  the  study  plan  were  established  is  discussed  below. 

A.   LITERATURE  REVIEW 

With  the  establishment  of  a  scientific  rationale  for  deliberate  weather 
modification  in  the  late  1940's,  experimental  and  operational  cloud-seeding 
programs  proliferated.   Claimed  success  in  some  types  of  weather  modification 
led  to  concern  about  the  effects  of  this  form  of  activity  on  the  overall  human 
environment.   Accordingly,  many  reports  (see  Appendix  I)  were  written  on  the 
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possible  effects  and  resultant  problems  of  weather  modification;  most  were  from 
studies  sponsored  by  the  Bureau  of  Reclamation.   The  chronologic  trend  in  the 
studies  was  toward  increasing  specificity,  in  terms  of  both  geography  and 
problem  area.   Through  the  mid-1970's,  thorough  literature  searches  were 
completed  in  various  topic  areas  and  culminated  in  state  specific  reports  for 
the  Northern  Great  Plains. 

Research  in  response  to  the  various  concerns  which  were  identified  has 
largely  focused  upon  the  ecological  aspects  of  weather  modification.   Most  of 
the  research  programs  were  supported  by  the  Bureau;  a  few  were  accomplished 
under  National  Science  Foundation  grants.   The  San  Juan,  Bridger,  and  Medicine 
Bow  projects  are  among  such  research  endeavors.   In  contrast  with  the  HIPLEX 
program,  each  of  them  was  directed  toward  the  study  of  impacts  associated  with 
winter  cloud-seeding. 

Along  with  reviews  of  literature  and  research  reports  relevant  to  Montana 
and  its  neighbor  states,  more  general  scientific  literature  was  evaluated  in 
preparing  the  HIPLEX  associated  impact  problem  analysis.   In  particular,  the 
analysis  involved  material  from:   the  Grassland  Biome,  International  Biological 
Program;  regional  Agricultural  Research  Service  (US  Department  of  Agriculture) 
publications;  range  management  and  other  agricultural  research  reports;  and 
agricultural  economics  studies.   Much  of  this  literature  review  was  summarized 
by  Perry  (1976) . 

B.   CRITERIA  FOR  FOCUSING  THE  PROBLEM  ANALYSIS 

After  evaluating  the  available,  pertinent  literature,  questions  about  the 
effects  of  convective  cloud-seeding  were  listed.   That  list  included  those 
questions  stated  in  the  report  by  Smith  et  al.  (1974)  and  by  conferees  at  the 
Skywater  IX  Conference  (U.S.  Bureau  of  Reclamation  1977).   Once  formulated,  the 
questions  were  ranked  by  ten  criteria  as  a  means  to  establish  the  focus  of  the 
ultimate  impact  research.   In  making  this  prioritization,  discussions  were  held 
with  scientists  involved  in  the  meteorologic  aspects  of  the  HIPLEX  project. 
Due  to  their  critical  evaluations  and  understanding  of  weather  modification 
capabilities,  these  individuals  greatly  expedited  and  improved  the  process. 

The  prioritization  process  involved  the  use  of  the  following  ten  criteria. 
Included  with  each  criterion  is  an  example  of  how  it  was  applied  to  a  typical 
question: 

1.  Likely  impact  of  increased  rainf all--soil  moisture  will  be  more  greatly 
affected  by  a  successful  weather  modification  program  than  will  air 
temperature; 

2.  Extent  in  target  area- -wheat  acreage  in  the  HIPLEX  study  area  is 
greater  than  the  area  devoted  to  sugar  beet  production; 

3.  Degree  of  interaction  —  soil  moisture  affects  a  greater  number  of 
agricultural  and  ecological  variables  which  subsequently  affect  each 
other  than  does  vegetational  interception  of  rain; 

4.  Ecological  importance  —  the  effect  of  a  successful  weather  modification 
program  on  net  primary  production  is  more  important  than  its  effects  on 
bird  species  composition; 
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5.  Public  interest --the  effect  of  increased  moisture  on  livestock  carrying 
capacity  is  more  important  to  broad  public  interest  considerations  than 
the  influence  of  rain  on  golf  courses; 

6.  Economic  importance- -in  this  region,  the  effects  on  range  forage  yield 
are  more  important  than  corn  yield; 

7.  Basic  to  causal  chains  —  increases  in  soil  moisture  lead  to  greater 
plant  production  which  in  turn  makes  more  forage  available  for 
livestock  consumption; 

8.  Appropriate  to  Montana  and  the  northern  High  Plains—wheat  production 
is  more  relevant  than  soybean  production; 

9.  Research  def iciencies--soil  decomposition  processes  in  response  to 
added  water  are  less  well  understood  than  the  causes  of  change  in  wheat 
yield;  and 

10.  Cost  and  feasibility  of  studies  —  conducting  a  plant  growth  study  is 
less  expensive  than  studying  changes  in  wheat  protein  content. 

Five  facts  guided  application  of  these  criteria.   First,  agricultural  use 
of  rangeland  for  cattle  production  is  the  paramount  land-use  in  eastern  Montana 
and  the  northern  High  Plains.   Thus,  six  of  the  criteria  guided  the  Department 
to  studies  on  the  possible  effects  of  weather  modification  on  rangeland.   This 
emphasis  is  justified  by  the  fact  that  95  percent  of  the  total  agricultural 
acreage  (U.S.  Bureau  of  Census,  1972)  in  four  counties  which  comprise  a  major 
part  of  the  HIPLEX  study  area  (e.g.,  Custer,  Powder  River,  Prairie,  and  Rosebud 
Counties)  is  used  for  range  and  pasture.   Further,  cattle  receipts  in  Montana 
are  about  twice  those  of  crops.   Second,  increasing  plant  production  for 
purposes  of  raising  farm  production  is  a  principal  goal  of  HIPLEX.   Virtually 
all  significant  effects  of  rainfall  augmentation  in  the  region,  primary  as  well 
as  secondary,  will  be  initiated  or  modulated  by  changes  in  plant  production. 
Third,  most  socio-economic  studies  will  be  based  on  an  understanding  of  these 
changes  and  therefore  must  await  completion  of  the  biologic  studies.   Fourth, 
funding  in  support  of  this  research  was  much  less  than  that  called  for  by  Smith 
et  al . ,  (1974).   Thus,  parsimony  and  a  restriction  to  the  most  basic  factors 
was  necessary.   Fifth,  a  definitive  review  of  seeding  agent  effects  (Klein   et 
al.,  1977)  suggested  that  there  will  be  no  short-term  effects  of  silver  iodide. 
The  growing  acceptance  of  non-toxic  dry  ice  by  cloud-seeding  operators  and  its 
use  in  developing  a  technology  under  the  HIPLEX  program  also  contributed  to  the 
elimination  of  seeding  agent  studies  from  the  research  program. 

PART  III.   RESEARCH  PLAN 

In  light  of  the  foregoing  considerations  the  research  strategy  that  was 
settled  upon  emphasized  production  ecology  of  economically  significant  forage 
species  in  eastern  Montana.   Further,  it  was  determined  that  multi-year 
studies,  with  integrated  measurement  of  response  variables,  would  answer  the 
feasible  questions  more  efficiently  than  one  or  two-year  studies.   Experimental 
testing  of  the  effects  associated  with  water  inputs  of  differing  magnitudes  and 
at  different  seasons  was  the  principal,  but  not  exclusive,  means  of  analysis. 

For  various  reasons,  several  lines  of  research  could  not  be  pursued. 
First,  implementation  of  various  ecological  and  agricultural  simulation  models 
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(Smith  et  al .  1974)  was  not  attempted  due  to  their  great  initial  expense  and 
the  further  costs  of  gathering  validation  data  and  affirming  rates  of  certain 
processes.   Development  of  a  simple  soil  water  model  has  been  discussed  and 
economists  have  been  approached  about  various  cost/benefit  analyses.   Second, 
no  coordination  of  inventory  and  baseline  studies  was  done  (Smith  et  al .  1974). 
This  was  because  large-scale,  operational  cloud  seeding  programs  in  Montana  are 
not  anticipated  during  the  near  future  and  it  is  therefore  not  necessary  to 
account  for  the  effects  of  such  operations.   Third,  the  central  conclusion  of 
our  problem  analysis,  that  most  long-term  ecological  changes  will  be  manifested 
through  nitrogen  cycle  alteration  (Perry  1976),  is  not  being  directly  tested 
through  the  Department's  research  program.   The  expense  of  an  adequate  test  of 
this  idea  was  prohibitive.   Nonetheless  a  few  attributes  of  the  cycle,  such  as 
plant  nitrogen  content,  are  being  investigated.   Fourth,  a  comprehensive 
inventory  of  endangered  species  was  not  done  since  changes  in  the  most  basic 
ecological  processes  have  to  be  established  before  causal  effects  that  would 
impact  such  organisms  can  be  identified. 

Major  questions  addressed  through  the  impact  assessment  research  are  stated 
in  Table  1.   These  were  initially  considered  by  observation  of  responses  to 
uncontrolled  climate  variation  at  rangeland  sites  and  later  by  controlled 
experimentation  at  three  rangeland  sites.   As  the  studies  progressed  HIPLEX 
ecologists  considered  more  questions  and  explored  some  important  ones  in 
greater  detail.   A  number  of  the  studies  are  continuing  and,  in  certain 
instances,  several  more  field  seasons  will  be  needed  to  acquire  a  data  base 
which  is  sufficient  for  substantive  analysis.   Nonetheless,  the  effort  to  date 
has  been  appropriately  focused  and  the  list  of  questions  for  which  answers  are 
being  sought  is  long.   Answers  to  these  questions  or  clarification  of  their 
importance  will  improve  the  understanding  of  potential  impacts  of  warm-season 
cloud-seeding  and  are  essential  to  future  assessments  on  the  social  and 
economic  implications  of  the  technology. 

PART  IV.   PROJECT  STATUS 

Four  years  of  thorough  experimental  field  research  have  been  completed. 
Some  of  the  work  accomplished  is  summarized  in  an  overview  chapter  of  synthesis 
and  discussion  and  is  then  expanded  in  the  section  containing  individual 
research  reports.   Key  conclusions  which  may  be  drawn  from  the  work  to  date 
are : 

1.  Yield  of  the  existing  dominant  range  forage  grasses  seems  to  be  an 
exponential  function  of  water  delivery  when  water  is  added  regularly. 
Consequently,  rainfall  augmentation  which  is  proportional  to  natural 
precipitation  will  cause  much  greater  absolute  yield  increases  during 
wet  years . 

2.  Plant  root  systems  differ  little  across  a  wide  range  of  water 
conditions.   Therefore  the  principal  relative  effect  of  added  water  on 
the  plants  is  to  raise  the  quantity  of  above-ground  material. 

3.  Range  forage  grasses  seem  to  have  a  varying  ability  to  use  water  for 
above-ground  production  during  the  growing  season.   Season  of  water 
addition  has  a  great  effect  on  yield. 
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Table  1.   Effects  of  warm-season  cloud-seeding  on  High  Plains  grasslands 
and  croplands:   Initial  questions  ."•'•'   Sources:   Bureau  of  Reclamation  1977, 
Smith  et  al.,  1974,  and  Department  researchers. 

Hydrologic 

1.  Will  soil  water  increase? 

2.  Will  saline  seep  potential  increase? 

3.  Will  soils  be  increasingly  leached  of  nutrients? 

Eco logic -Agricultural 

4.  Will  range  forage  production  increase? 

5.  Will  the  seasonal  development  of  major  grass  species  change? 

6.  Are  the  sizes  of  water  additions  important? 

7.  Are  the  effects  of  water  applied  at  different  seasons  different? 

8.  Will  grass  species  composition  change? 

9.  Can  higher-yielding  grass  species  be  planted  successfully  on  rangelands 
of  different  moisture  status? 

10.  Will  the  chemical  quality  of  forage  vary? 

11.  Are  weeds  going  to  increase? 

12.  Will  there  be  changes  in  plant  matter  in  the  soil? 

13.  Will  soil  decomposition  rates  increase  and  thereby  release  more 
nutrients  to  the  plants? 

14.  Can  soils  produce  more  available  nitrogen  for  use  by  the  plants? 

15.  Can  nitrogen  fertilizer  additions  be  helpful? 

16.  Will  economically  important  insects  be  affected? 

17.  Will  invertebrate  predators  (i.e.,  consumers  of  plant-feeding  insects) 
respond? 

18.  Will  microbial  pests  change? 

19.  Will  there  be  significant  rainfall  interception  by  crops? 
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Table  1  (Continued) 

20.  Does  wheat  production  increase  with  the  relief  of  soil  drought  or  with 
more  water  added  at  nondrought  times? 


"Department  research  which  addresses  most  of  these  questions  is  discussed 
in  the  Synthesis  and  Project  Report  sections  of  this  report.   Results  of 
research  on  a  few  of  the  questions  await  data  analysis  and  are  therefore  not 
reported  at  this  time. 
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4.  Annual  and  biennial  weedy  plants  are  diminished  by  most  water 
additions.   This  is  probably  due  to  the  improved  vigor  and  competitive 
ability  of  the  more  desirable  perennial  grasses  when  given  more  water. 

5.  Sap  feeding  insects  and  nematodes  increase  in  density  and  diversity 
with  water  additions.   The  significance  of  these  increases  on  net 
forage  production  is  not  known  but  is  being  studied.   Most  other 
possible  pests  which  were  considered  either  decline  with  added  water  or 
do  not  change  in  abundance . 

6.  It  is  speculated,  without  supportive  data,  that  the  effects  of  weather 
modification  on  the  long-term  production  of  rangeland  systems  used  for 
grazing  livestock  will  be  principally  due  to  the  alteration  of  nitrogen 
cycling  mechanisms  and  the  invasion  of  higher-yielding  species.   The 
production  increases  could  be  exponential. 

Synthesis  of  research  findings  will  continue  in  the  coming  year  although 
available  funds  will  limit  the  depth  of  the  analyses.   Secondary  analysis  of 
the  data  could  provide  more  substantive  answers  to  the  questions  which  need  to 
be  addressed.   A  primary  component  of  such  secondary  analysis  would  be  a 
simulation  model  suggested  by  Bureau  consultants  (Smith  et  al.,  1974)  as  well 
as  reviewers  of  the  Department's  work  (Tieszen  1979).   The  principal  benefits 
from  such  studies  would  be  generalizations  of  our  work  to  a  wide  range  of 
sites,  a  more  encompassing  set  of  rainfall  regimes,  and  various  grazing 
conditions.   Initiation  of  such  an  investigation  is  recommended  in  1983  when 
preliminary  analyses  are  complete. 

Half  of  the  irrigated  plots  used  in  the  impact  assessment  research  have 
been  discontinued  and  half  continue  to  be  watered.   This  will  permit 
observations  and  measurements  needed  to  complete  the  study.   Inexpensive 
observations  on  the  behavior  of  grasslands  in  which  watering  is  ceased  would 
almost  certainly  remove  a  principal  concern  of  ranchers  and  range  managers . 
That  is,  would  rangeland  deteriorate  or  be  destroyed  by  weeds  if  a  successful 
weather  modification  program  were  discontinued  or  if  drought  conditions 
precluded  moisture  increases  through  cloud  seeding?   Continuation  of  this 
demonstration  in  1982  through  1984  is  recommended  since  it  will  be  very 
expensive  to  create  experimental  plots  at  a  later  time. 

PART  V.   SYNTHESIS  AND  DISCUSSION 

As  discussed  in  preceeding  sections,  the  experiments  described  below  were 
designed  to  identify  possible  benefits  and  disbenefits  of  the  technology,  and 
to  estimate  the  immediate  effects  of  increased  rainfall  on  ecological  and 
agricultural  ecosystems.   To  emphasize  the  limits  of  the  experimental  data--and 
therefore  the  conclusions  drawn--the  studies  must  be  viewed  in  light  of  the 
fact  that  when  an  environment  changes,  ecosystems  occupying  the  area  may  be 
expected  to  change  in  three  overlapping  time  frames:   short-term--immediate 
physiological  responses  will  occur;  mid- term- -community  composition  will 
change;  and  long-term  —  eventually  a  new  equilibrium  level  will  be  reached.   In 
the  section  below  hypothetical  short-,  mid-,  and  long-term  conditions  or 
scenarios  are  specified  and  possible  tests  of  these  hypothesized  scenarios  are 
discussed.   The  Department's  impact  assessment  studies  are  designed  to  provide 
insight  to  the  short-term  effects  of  summertime  cloud  seeding.   Further  work 
will  be  required  to  make  nonspeculative  statements  about  the  mid-  and  long-term 
effects . 
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A.   HYPOTHESES  ON  TEMPORAL  EFFECTS  OF  WARM-SEASON  CLOUD  SEEDING 

Short-term  benefits  have  been  demonstrated  by  regressing  crop  or  range 
yields  against  annual  precipitation  (Collins  and  Weaver  1978,  Caprio  and 
Williams  1973,  and  Schiffler  and  Dietz  1974)  as  well  as  by  the  HIPLEX 
biological  research  which  is  the  subject  of  this  report.   The  experiments 
suggest  that  regression  analysis  probably  underestimates:   the  gross  yield 
responses  (due  to  failure  to  include  small  system  changes  such  as  increasing 
plant  density  (Weaver  1981));  pest  effects,  because  of  inadequate  time  for  pest 
population  responses  (Weaver  and  Yount  1981);  and  net  yield  responses. 

Neither  biogeographic  studies  nor  experimental  studies  lend  themselves  to 
accurate  estimation  of  effects  in  the  mid-term  (i.e.,  the  period  when  existing 
communities  are  being  replaced  by  more  productive  communities  which  are  now 
found  in  wetter  regions  to  the  east) .   If  precipitation  increases  were  not 
sufficient  to  significantly  affect  the  dominant  grass  species  of  the  rangeland 
environment  (i.e.,  perhaps  5  to  10  cm  per  year  in  eastern  Montana),  the 
principal  impacts  would  be  associated  with  the  virtually  certain  over- 
conversion  of  rangeland  to  wheatland.   In  order  to  minimize  plowing  of 
rangeland  that  is  unlikely  to  produce  crops,  education  or  agricultural  subsidy 
payments  might  be  needed  to  prevent  dust-bowl  disasters  similar  to  those  of  the 
early  1900* s,  the  1930's,  and  the  late  1970* s.   If  precipitation  increases  were 
greater  than  about  10  cm,  it  is  very  likely  that  the  species  composition  of 
native  rangeland  would  be  modified  significantly.   One  scenario,  based  on 
experiments  described  in  this  report,  includes  three  stages.   The  first  shows 
increased  crop  and  range  yields.   In  the  second  stage,  rangeland  would  be 
converted  to  cropland  and  crop  yields  would  continue  to  increase  until  they 
equal  those  of  the  eastern  High  Plains,  a  region  with  a  rainfall  regime  that 
would  be  similar  to  the  target  area.   In  contrast,  useful  rangeland  production 
would  be  reduced  due  to  an  invasion  of  such  coarse  perennial  weeds  as  thistles 
and  leafy  spurge.   The  forecasted  weed  invasion  is  based  on  the  fact  that  weeds 
have  evolved  to  disperse  well  (i.e.,  get  there  first),  become  established,  and 
prevent  the  establishment  of  desirable  grasses.   This  might  be  precluded  by 
distributing  grass  seed  before  or  when  the  watering  program  began  and  removing 
weeds  while  those  grasses  were  establishing.   During  the  third  period,  cropland 
production  would  continue  to  be  good  and  rangelands  would  improve  to  a 
condition  which  is  significantly  more  productive  than  the  present  state. 

The  long-term  (equilibrium)  effects  of  a  warm-season  precipitation 
enhancement  program  will  probably  raise  agricultural  production  and  provide 
economic  benefits  which  are  greater  than  the  costs  of  the  seeding  program.   The 
logic  of  this  statement  is  based  on  the  fact  that  rainfall  usually  increases  in 
April,  May,  and  June  because  moister  air  is  available  during  that  season. 
Moving  eastward  across  the  Great  Plains  one  comes  to  sites  with  increasingly 
greater  rainfall  but  otherwise  similar  conditions  (e.g.,  temperature  and  soil 
parent  material) .   We  may  therefore  crudely  estimate  the  response  of  any  site 
to  supplemental  water  by  looking  to  the  east  for  a  site  with  an  appropriate 
natural  precipitation  level.   Though  a  careful  study  of  this  gradient  has  not 
been  made,  one  concludes  that  net  vegetation  production  will  increase.   This  is 
due  to  a  decline  in  the  number  of  plant  water  stress  days,  combined  with  a 
replacement  of  less  productive  vegetation  (Bouteloua  -  Agropyron  rangeland) 
with  more  productive  vegetation  (Andropogon  grassland),  wheat  fields,  and  even 
maize  fields.   This  increase  will  occur  despite  greater  problems  with  weeds  and 
pests  (e.g.,  viruses,  bacteria,  fungi,  nematodes,  and  insects)  (Howell  1976). 
While  net  yields  will  probably  increase,  an  estimation  of  net  benefits  cannot 
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be  made  without  determining  the  relative  value  of  added  production  and  the 
costs  of  seeding  programs  needed  to  achieve  those  benefits.   One  effect,  the 
leaching  of  salts,  may  concern  those  states  which  are  downstream  of  Montana. 
For  example,  Iowa  soils  were  once  rich  in  salts,  although  the  high  rainfall  of 
the  area  has  now  leached  these  salts  either  to  great  depth  or  into  local 
rivers.   Since  the  same  process  would  be  expected  in  Montana  if  precipitation 
is  increased  by  successful  weather  modification,  ground  or  surface  water 
quality  might  degrade  until  the  very  long-term  is  reached. 

B.   SUMMARY  OF  ASSOCIATED  IMPACT  EXPERIMENTS  AND  RESULTS 

Ecological  experiments  in  the  HIPLEX  program  were  designed  to  estimate  the 
short-term  effects  of  a  range  of  precipitation  regimes  on  major  ecosystems  of 
the  northern  High  Plains.   Treatments  were  diverse  in  order  to  bracket  the  most 
conceivable  precipitation  increases  associated  with  a  successful  growing  season 
weather  modification  program.   This  was  accomplished  through  use  of  sprinkler 
irrigations  which  guaranteed  water  during  May  through  August  of  6,  12,  and  25 
mm  per  week.   The  effects  of  precipitation  added  before  the  growing  season 
began  were  examined  in  plots  watered  in  the  fall  (160  mm)  or  the  spring  (about 
160  mm)  until  soil  profiles  were  full  of  water  (field  capacity)  to  75  cm 
(Weaver  et  al . ,  1981  and  Haglund  1981a).   The  effects  of  single  showers  of 
varying  magnitude  (0,  6,  12,  25,  50,  and  100  mm)  were  also  measured  (Johnson  et 
al.,  1981). 

Most  of  the  effort  was  devoted  to  observations  of  ecosystems  dominated  by 
Agropyron  smithii  and  Bouteloua  gracilis  because  these  grasses  once  covered 
most  of  the  High  Plains.   At  one  of  the  research  sites  those  two  species  were 
co-dominant  with  Stipa  comata,  a  grass  generally  more  common  to  the  east.   It 
is  expected  that  there  will  be  a  gradual  transfer  of  effort  to  studies  of  the 
wheat  ecosystem,  a  heavily-manipulated  ecosystem  which  has  often  replaced 
native  grasslands  and  may  be  expected  to  replace  them  more  rapidly  if  rainfall 
increases . 

In  observations  of  irrigated  ecosystems,  questions  were  asked  about  the 
effects  of  increased  precipitation  on  forage  yield  and  quality,  invasion  of 
beneficial  and  weedy  plants,  invasion  of  pests  (bacteria,  fungi,  nematodes,  and 
sap-feeding  insects),  invasion  of  beneficial  organisms  (nitrogen-fixing 
organisms  and  mycorrhizal  fungi)  rates  of  organic  matter  decomposition,  and 
erodability  of  the  soils.  (See  Table  1  in  Section  III,   Research  Plan.)   Two 
supplementary  studies  were  required  to  validate  the  methods  employed.   Rates  of 
water  loss  after  irrigations  and  natural  rainshowers  were  compared  with 
lysimeters  to  demonstrate  that  there  was  a  reasonable  simulation  of  rainshowers 
of  the  sizes  specified  (Weaver  and  McClelland  1981).   Rates  of  forage  production 
on  plots  mowed  at  three-week  intervals  and  on  plots  mowed  annually  were 
compared  to  demonstrate  that  the  practically  necessary  exclusion  of  large 
grazing  animals  did  not  result  in  abnormally  high  or  low  rates  of  grass  growth 
(McClelland  and  Weaver  1981). 

Findings  of  the  studies  to  date  are  summarized  in  the  following  six 
subsections.   It  must  be  emphasized  that  these  studies  have  been  in  effect  for 
only  four  years.   Direct  observations  can  therefore  only  support  conclusions  on 
short-term  effects  of  weather  modification.   Comments  on  the  longer  term 
effects  of  weather  modification  are  based  on  longer  chains  of  logic  from  the 
data  and  are  therefore  more  subject  to  question. 
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1.   Yield  and  Quality  Response 

The  forage  yield  response  is  the  most  basic  response  because  it  integrates 
most  positive  and  negative  effects  and  because  the  value  of  productivity 
increases  must  exceed  any  disbenefits,  including  economic  costs,  which  are 
associated  with  a  seeding  program. 

In  the  first  year  of  irrigation,  yields  increased  asymptotically  with 
increasing  amounts  of  water  (Weaver  1981).   Existing  plant  communities  were 
unable  to  effectively  use  rainfall  in  excess  of  about  500  mm  per  year.   This 
was  probably  due  to  low  initial  plant  densities.   Further,  similar  asymptotic 
yield  increases  will  likely  be  observed  wherever  rainfall  increases  (natural  or 
unnatural)  are  isolated  in  time. 

In  the  second  and  succeeding  years  of  irrigation,  yields  increased 
exponentially  with  increased  availability  of  water  (Weaver  1981).   This 
increase  continued  to  water  applications  of  over  800  mm  in  the  growing  season. 
The  increase  may  be  attributed  to  the  increasing  efficiency  of  water  use,  both 
from  deeper  penetration  of  water  into  the  soil  and  to  higher  plant  densities  in 
wetter  plots.   Water  penetrating  deeply  is  less  subject  to  evaporation  than 
water  remaining  on  the  surface  and  is  therefore  more  available  for 
transpiration  and  photosynthesis.   Higher  plant  densities  undoubtedly  resulted 
in  higher  leaf  area  indexes  (leaf  area/unit  area  of  soil  surface),  more 
efficient  use  of  light,  and  a  reduced  evaporation/transpiration  ratio.   One 
concludes  that  if  there  is  cloud  seeding  in  the  High  Plains,  there  may  be 
benefits  as  long  as  such  seeding  causes  neither  highly  successful  intense 
rainfall  of  high  kinetic  energy  nor  interferes  with  planting  or  harvesting. 
One  also  concludes  that,  if  resources  are  limited,  greater  profit  will  be 
realized  if  equal  water  applications  are  concentrated  (e.g.,  by  irrigation  or 
range  pitting)  than  if  they  are  diffused  in  space. 

Forage  was  produced  more  efficiently  from  water  applied  in  the  spring  or 
fall  than  from  water  applied  in  the  summer  (Weaver  1981) .   This  results  in  part 
from  the  relatively  high  evaporation/transpiration  ratio  associated  with  summer 
watering.   It  emphasizes  the  effectiveness  of  adding  precipitation  in  seasons 
when  evaporation  can  be  minimized  and  water  accumulation  can  be  maximized. 
That  is,  in  seasons  when  surface  soils  are  moist  so  that  added  water  will 
penetrate  below  the  evaporative  zone;  other  showers  (either  natural  or 
unnatural)  will  follow  it  closely  to  drive  the  water  still  deeper  and 
simultaneously  minimize  evaporation. 

Yield  increases,  over  the  control,  due  to  guaranteeing  rainfall  of  6 
mm/week  averaged  12  percent  (-20  to  80  percent)  in  an  Agropyron  smithii 
grassland  and  22  percent  (-6  to  50  percent)  in  a  Bouteloua  gracilis  grassland. 
Yield  increases  associated  with  guaranteeing  rainfall  of  12  mm/week  averaged  61 
percent  (-5  to  192  percent)  in  the  Agropyron  grassland  and  46  percent  (22  to  69 
percent)  in  the  Bouteloua  grassland  (Weaver  et  al.,  1981).   Yield  increases  in 
response  to  supplemental  water  were  observed  in  the  mixed  species,  shallow  soil 
grassland  (Bouteloua  -  Agropyron  -  Stipa)  (Haglund  1981a)  only  when  soil  water 
was  available  during  the  entire  growing  season.   Proliferation  of  Bouteloua 
with  an  extension  of  the  growing  season  by  one  month  depressed  yields  under 
those  irrigated  conditions,  particularly  with  mowing  done  to  simulate  grazing. 
This  suggests  that  grazing  management  will  have  to  be  carefully  done  during 
cloud-seeding  to  avoid  undesirable  species  replacements. 
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Single  summer  rainshowers  of  25,  50,  and  100  mm  increased  yields  of 
Agroypron  smithii  grasslands  by  29,  85,  and  115  percent,  respectively  in 
extremely  dry  1980.   Responses  to  6  mm  and  12  mm  single  showers  were 
undetectable.   Contrasting  results  from  repeated  small  showers,  described  in 
the  preceeding  paragraph,  with  the  results  from  single  large  showers  suggests 
that  larger  yields  will  result  from  concentrating  water  in  time  as  well  as  in 
space.   The  difference  is  attributed  to  the  low  evaporation/transpiration  ratio 
associated  with  water  provided  in  a  single  soaking  shower  or  in  a  series  of 
closely  spaced  rainshowers  (Johnson  et  al.,  1981). 

Accumulated  data  suggest  two  additional  reasons  why  light  summer  showers 
fail  to  support  growth  of  grasses.   First,  because  roots  are  largely  absent 
from  the  top  one  to  two  cm  of  most  grasslands,  very  light  showers  which  fall  on 
dry  soils  may  not  provide  water  to  the  plants  since  the  water  may  not  reach  the 
roots  (Weaver  1981c).   Second,  plants  may  enter  a  photoperiod  induced  dormancy 
or  carbohydrate  storage  period  in  early  August  and  thus  may  not  be  able  to 
produce  forage  above  ground  after  a  late  summer  shower  (Forcella  and  Weaver 
1976).   The  selective  advantage  of  this  strategy  in  a  predictably  dry  summer 
climate  is  obvious . 

In  the  Agropyron  smithii  grassland,  the  total  nitrogen  and  phosphorus 
contents  of  the  forage  tended  to  increase  with  water  availability.   If  the  ash 
contents  of  these  grasses  increase  with  enhanced  water  availability,  a 
correction  for  ash  contents  will  magnify  the  percentage  differences  reported 
(Weaver  et  al.,  1981).   The  detailed  study  of  foliar  nitrogen  concentrations  in 
four  graminoid  species  at  the  mixed  grass  site  (Haglund  1981a)  showed  a  sharp 
increase  in  foliar  nitrogen  concentrations  in  each  species  under  the  driest, 
most  severe  conditions.   Otherwise  no  change  in  nitrogen  concentration  could  be 
attributed  to  soil  water  variation.   Nitrogen  in  the  two  highest  yielding 
grasses  at  the  mixed  grass  site,  Agropyron  smithii  and  Stipa  comata,  showed  the 
highest  magnitude  responses  to  water  and  simulated  grazing. 

Vegetation  cover  of  each  of  the  three  experimental  grasslands  increased 
rapidly  with  supplemental  water  (Weaver  et  al . ,  1981,  Haglund  1981a,  and 
unreported  data) .   Three  recent  papers  show  similar  increases  in  natural 
rangeland  cover--with  presumed  increases  in  yield  and  decreases  in 
erodability-during  a  recent  natural  high  rainfall  period  (White  et  al.,  1978, 
Newbauer  et  al.,  1980,  and  Branson  and  Miller  1981). 

2.   Invading  Plants 

Invasion  of  plants  in  the  6  mm  and  12  mm  treatments,  and  single  shower 
experiments  was  not  observed  (Weaver  et  al.,  1981).   Invasion  was  prevented  by 
competition  from  existing  communities  for  resources,  particularly  water. 
Evidence  that  invasion  was  not  prevented  by  the  lack  of  seeds  is  shown  by  the 
fact  that  introduced  grass  seed  failed  to  establish.   Weeds  likewise  did  not 
become  established  even  though  large  and  varied  weed  populations  were  found  in 
a  plowed  area  which  was  located  near  the  study  sites. 

Several  weeds  (Helianthus  annus ,  Euphorbia  marginata,  and  Bromus  tectorum) 
and  desirable  grasses  (Panicum  virgatum,  Andropogon  gerardi ,  Andropogon 
scoparius ,  and  Sorghastrum  nutans)  established  in  the  spring  wet  plots  during 
the  first  year  of  treatment.   The  weeds  have  since  disappeared.   The  grasses 
are  vigorous  in  the  Bouteloua  grassland  but  produce  no  seed  in  the  Agropyron 
grassland.   Spring  watering  might  cause  a  shift  in  grassland  composition  to 
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Agropyron  dominance  with  no  weed  problem  unless  cattle  grazing  were  to  favor 
Bouteloua  (Haglund  1981a). 

Similar  weeds  (Helianthus  annus ,  Euphorbia  marginata,  Melilotus  officinale) 
and  desirable  grasses  (Panicum  virgatum,  Sorghastrum  nutans ,  Andropogon 
gerardii  and  A.  scoparius)  established  in  the  wet  plots  during  the  first  year 
of  treatment.   The  grasses  remain  and  thrive  at  both  sites  indicating  their 
eventual  dominance.   The  weeds  have  disappeared,  suggesting  that  the  annual 
plants  (Bromus  spp.,  Helianthus ,  and  Euphorbia)  and  biennial  plants  (Tragopogon 
and  Melilotus)  cannot  compete  with  Agropyron  or  Bouteloua.   Cirsium  arvense 
(Canada  thistle)  has  established  strongly  in  one  Bouteloua  plot  and  weakly  in 
one  Agropyron  plot.   The  Cirsium  (thistle)  guild  contains  many  other  tall 
perennial  weeds  from  genera  like  Solidago  and  Vernonia.   It  seems  likely  that 
these  weeds  could  eventually  dominate  both  sites,  but  since  they  do  not 
dominate  the  eastern  plains,  they  could  be  controlled  by  introduction  of  tall 
grasses  when  watering  was  initiated. 

In  the  experiments,  cattle  were  excluded  and  burrowing  animals  were 
trapped.   The  presence  of  either  form  of  disturbance  would  increase  the 
importance  of  weedy  species  but  would  not  alter  the  general  conclusion  that 
weeds  will  tend  to  disappear  with  spring-summer  watering  but  tend  to  increase 
with  fall  watering. 

3.  Endangered  Species 

Invading  plants,  particularly  cropland  wheat,  provide  the  greatest  threat 
to  endangered  species  during  a  successful  cloud-seeding  program.   The  species 
most  likely  to  be  endangered  are  dry  site  plants  that  cannot  compete  with 
plants  invading  from  wetter  environments.   Refuges  for  such  plants  will  be  in 
edaphically  dry  sites  (with  shallow  or  excessively  drained  soils)  or 
energetically  dry  sites  (with  high  energy  input  due  to  south  exposure,  high 
wind  flow,  or  more  southerly  location) .   Plants  endangered  by  weather 
modification  will  be  those  unable  to  disperse  to  a  refuge  (i.e.,  with  poor 
dispersal  mechanisms)  or  those  unable  to  tolerate  the  conditions  of  those 
refuges  (i.e.,  warmth  or  shallow  soils).   If  possible,  a  list  of  species 
requiring  either  dry  deep  soils  (e.g.,  Yucca  glauca)  or  having  northerly 
distributions  limited  to  dry  sites  (e.g.,  Selaginella  densa)  will  be  prepared. 

4.  Pest  Invasion 

Pests  considered  here  compete  with  man  for  foodstuffs;  weeds  discussed 
above  compete  indirectly  by  competing  for  resources  with  producers  of  more 
desirable  materials.   Sap  feeding  organisms  (many  nematodes  and  insects)  are 
quite  responsive  to  water  additions  and  therefore  deserve  special  attention. 
Although  the  impacts  of  viruses  and  protozoa  in  rangeland  ecosystems  are 
essentially  unstudied,  they  were  not  considered. 

Numbers  of  bacteria  and  fungi--with  the  possible  exception  of  ergot--were 
not  changed  by  the  watering  treatments  (Weaver  and  Yount  1981).   However,  they 
did  increase  across  all  treatments  in  wet  1978.   The  conclusion  is  that 
microbes  respond  principally  to  the  length  of  moist  leaf  periods.   If  so,  they 
should  be  little  affected  in  small  irrigated  plots  or  by  local  thundershowers 
(because  advection  is  relatively  great  and  causes  quick  drying) .  On  the  other 
hand,  significant  effects  will  occur  if  leaves  remain  wet  over  long  periods  as 
a  result  of  repeated  widespread  precipitation.   As  long  as  cloud  seeding 
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affects  isolated  clouds,  minimal  microbial  damage  is  expected;  such  damage 
would  increase  if  the  increased  precipitation  were  repeated  and  widespread. 

The  impact  of  chewing  insects,  primarily  grasshoppers,  was  indexed  by 
counting  the  number  of  chews  per  100  leaves  (Weaver  and  Yount ,  1981).   Watering 
had  no  significant  effect  on  this  index;  that  is,  consumption  increased  in 
proportion  to  increased  yields  and  would  become  economically  significant  only 
if  grass  yields  were  increased  above  those  seen  in  the  wet  treatment.   Chewing 
insect  destruction  declined  in  wet  1978  indicating  that  the  effects  of  isolated 
light  showers  are  very  different  from  the  effects  of  repeated  regional 
precipitation  events.   Chewing  insects,  probably  grasshoppers,  were  attracted 
to  and  fed  on  drought-stressed  grasses  due  to  increases  in  leaf  amino  acids 
(Haglund  1980).   Detailed  studies  at  one  site  (mixed  grass)  showed  that  if 
cloud-seeding  produces  repeated  rainfall,  sucking  insects  would  be  favored  and 
chewing  insects  (except  caterpillars)  would  be  disfavored  (Haglund  1981b).   As 
rainstorms  become  more  widely  separated  in  time  these  effects  will  be  reduced. 
In  addition  to  this  relationship,  it  was  found  that  cattle  grazing  has  an 
important  influence  on  insect  presence.   To  the  extent  that  under  dry 
conditions  grazing  reduces  canopy  biomass ,  grazing  tends  to  select  for  chewing 
insects  and  against  sap  feeding  insects.   To  the  extent  that  under  wet 
conditions  grazing  results  in  new  growth,  grazing  will  favor  both  sap  feeding 
and  chewing  insects. 

The  response  of  nematode  populations—small  worms  which  feed  on  plants, 
small  animals  or  microbes--to  light  watering  was  the  strongest  single  response 
observed.   Numbers  of  plant  feeding  nematodes  in  the  0  to  10  cm  soil  layer  in 
July  increased  with  light  watering  from  0.9  to  1.6. to  2.0  million  per  square 
meter  in  the  control,  6  mm,  and  12  mm  treatments,  respectively,  and  decreased 
again  (  to  0.9  million  per  square  meter)  in  the  25  mm  treatment  (Smolik  and 
Weaver  1981).   The  ability  of  nematodes  to  respond  to  small  additions  of  water 
and  their  demonstrated  ability  to  reduce  grass  yields  by  25  to  50  percent 
suggests  that  this  change  could  be  significant;  further  study  is  required. 
Numbers  of  predatory  and  microbe  feeding  nemotodes  were  less  strongly  affected. 

5 .   Beneficial  Organism  Response 

It  was  suggested  above  (2.  Invading  Plants)  that  summer  watering  might 
result  in  the  dominance  of  increasingly  more  productive  species  (Bouteloua  to 
Agropyron  to  tall  grasses)  if  good  grazing  practices  are  used  which  will  aid 
the  dispersal  of  these  grasses  and  their  associates.   Considered  here  is  the 
possibility  that  microbe  populations  which  are  beneficial  to  plants  — 
principally  by  making  nutrients  more  available--may  thrive  to  magnify  the 
positive  response  of  yield  to  water. 

If  decomposer--bacteria  and  fungi  —  activity  were  increased  with 
supplemental  water,  nutrients  bound  in  dead  plant  material  and  soil  organic 
matter  would  be  released  to  the  benefit  of  plants.   However,  decomposition 
rates  were  essentially  identical  under  0,  6,  12,  and  25  mm  treatments  (Weaver 
1981b). 

Mycorrhizae— formed  when  certain  fungi  associate  with  roots --improve  the 
capacity  of  plants  to  absorb  nutrients  and  water.   Measurement  of  mycorrhizal 
infection  rates  show  no  significant  differences  between  treatments  and 
therefore  suggest  no  synergistic  effects  on  plant  yield  due  to  increased 
moisture  and  mycorrhizal  activity  (Stahl  et  al.  1981.) 
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If  populations  of  nitrogen  fixing  organisms  were  favored  by  added  water, 
additional  supplies  of  available  nitrogen  would  favor  plant  growth.   We 
therefore  contrasted  nitrogen  fixation  rates  of  cores  removed  from  control  and 
wet  (25  mm  per  week)  plots.   Very  preliminary  results  (not  reported  here) 
suggest  that  three  years  of  watering  increased  the  fixation  of  nitrogen.   This 
was   especially  the  case  in  the  Bouteloua  grassland  where  cryptogam  mats  of 
lichen  and  blue-green  algae  (potential  nitrogen-fixers)  were  common. 

6.   Wind  Erosion 

Preliminary  results  show  that  wind  erodability  at  the  Agropyron  site  was 
very  high  on  control  plots  and  decreased  markedly  as  water  increased  from  dry 
to  spring  wet  to  wet  treatments.   This  was  likely  due  to  increased  plant 
density,  increased  plant  height,  or  both.   Wind  erodability  of  nearby  range 
sites  seeded  with  Elymus  canadensis ,  Bromus  inermis,  and  Bromus  tectorum  was 
also  high.   In  contrast,  erodability  of  Bouteloua  and  mixed  grass  site  plots 
was  essentially  nil,  regardless  of  water  treatment;  this  was  likely  due  to 
higher  initial  ground  cover  and/or  the  obvious  cryptogam  crusts. 
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THE  EFFECTS  OF  WEATHER  MODIFICATION  ON  NORTHERN  GREAT  PLAINS  GRASSLANDS: 

A  PRELIMINARY  ASSESSMENT 

By 

D.  Perry 

(Reprinted  from  Journal  of  Range  Management,  1976.  29:272-278 

Abstract 

Possible  effects  of  weather  modification  on  Northern  Great  Plains 
grasslands  are  examined  using  published  reports  on  community-water  relations. 
It  is  concluded  that  (1)  long-term  incremental  forage  production  will  be 
governed  by  the  effect  of  added  water  on  nutrient  cycling  rates;  (2)  community 
composition  will  change,  but  the  nature  of  the  change  will  depend  on  the  timing 
of  added  precipitation;  and  (3)  increased  forage  in  the  absence  of  increased 
nitrogen  may  have  a  neutral  or  negative  effect  on  livestock  weight  gains. 

The  use  of  cloud  seeding  to  increase  growing  season  rainfall  is  receiving  a 
great  deal  of  attention  in  the  semiarid  West.   In  the  Northern  Great  Plains, 
both  North  and  South  Dakota  are  seeding  clouds  on  a  large  scale  operational 
basis,  and  the  Bureau  of  Reclamation  recently  initiated  a  major  experimental 
program  in  Montana.   Not  only  is  purposeful  change  in  the  region's  weather  a 
growing  possibility,  but  inadvertent  weather  modification  will  likely  emerge  as 
one  of  the  probable  spinoffs  from  increasing  industrialization  in  the  area. 

In  cultivated  crops,  which  are  relatively  simple  ecological  systems,  and  in 
which  man  has  a  large  number  of  management  options,  the  results  of  changing 
weather  can  be  anticipated  with  fair  (though  not  exact)  certainty  (cf.  Caprio 
and  Williams,  1973).   The  complexity  of  the  rangeland  ecosystem,  however, 
suggests  that  its  response  to  added  water  will  not  be  so  easily  predicted. 

This  paper  reviews,  for  the  Northern  Great  Plains,  the  literature  on  the 
relation  between  grasslands  and  water.   The  objective  is  an  estimation  of  the 
effect  added  water  will  have  on  these  range  ecosystems.   Based  on  this 
literature,  I  will  deal  with  four  questions:   (1)   What  is  the  effect  of 
increased  rainfall  on  primary  and  secondary  productivity?   (2)   What  factors 
limit  the  response  of  grasslands  to  added  water,  and  how  will  they  be  affected 
by  increased  rainfall?   (3)   How  do  different  species  respond  to  added  water 
with  various  seasons  of  application,  and  how  will  the  interaction  of  species 
response  and  seasonality  affect  the  composition  of  the  range?   (4)   How  will 
changes  in  the  weather  affect  community  resistance  to  drought,  plant  and  animal 
pathogens,  and  soil  loss  associated  with  runoff? 

Effect  of  Added  Water  on  Primary  Productivity 

Primary  productivity  of  grasslands  has  been  extensively  studied  in  relation 
to  increases  in  soil  water.   Two  experimental  techniques  have  been  most  often 
used  (1)   comparison  of  rainfall  and  forage  production  using  regression  and 
correlation,  and  (2)   irrigation,  either  by  water  spreading  or  sprinkling. 
Results  have  been  mixed,  making  it  difficult  to  generalize  about  rangeland 
response  to  added  water. 
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Because  regression  techniques  simulate  plant  response  to  increments  in 
natural  rainfall,  they  might  be  expected  to  give  the  most  realistic  estimate  of 
the  effect  of  weather  modification  on  forage  production.   A  number  of  studies 
have  been  conducted  on  northern  grasslands.   These  have  produced  variable 
results,  with  differences  in  yield  attributable  to  growing  season  rainfall 
ranging  from  84%  to  less  than  25%  (Rogler  and  Haas,  1947;  Smoliak,  1956;  Dahl, 
1963;  Rauzi,  1964;  Noller,  1968;  Mueggler,  1972;  Ballard  and  Ryerson,  1973). 
Where  rainfall  and  forage  production  are  significantly  related,  estimates  of 
precipitation  use  efficiency  have  varied  from  approximately  50  lb.  dry 
forage/acre-inch  of  available  water  (Thomas  and  Osenbrug,  1964)  to  110  lb.  dry 
forage/acre-inch  of  water  (Wight  and  Black,  1972). 

The  differences  seen  in  these  studies  probably  represent  both  experimental 
noise  and  biological  variation.   For  example,  if  rain  gauges  are  located 
separately  from  production  sampling  points,  significant  errors  may  enter  into 
the  analysis.   On  the  other  hand,  the  capacity  to  respond  to  added  water 
certainly  varies  with  time,  space,  and  community  type.   It  is  the  degree  of 
this  latter  variation  which  is  of  interest. 

Irrigation  studies,  although  normally  adding  more  water  than  might  be 
expected  from  cloud  seeding,  have  the  advantage  of  being  controlled 
experiments.   They  therefore  presumably  minimize  experimental  noise  and  allow  a 
more  accurate  estimate  of  the  true  variability  in  the  response  of  rangeland  to 
additions  of  water.   A  number  of  irrigation  experiments  have  produced 
significant  results.   Two  water  spreading  studies  in  southeastern  Montana 
resulted  in  grass  forage  increases  of  approximately  300%  (Monson  and 
Queensberry,  1958;  Branson,  1956).   Sprinkling  in  sufficient  amounts  to  double 
growing  season  rainfall  resulted  in  yield  increases  of  100%  to  200%  in  western 
Montana  (Klages  and  Ryerson,  1965),  and  50%  in  North  Dakota  (Smika  et  al . , 
1965).   Lauenroth  and  Sims  (1973)  found  that  yields  of  shortgrass  prairie  in 
Colorado  were  increased  approximately  100%  when  soil  water  stress  at  10  cm  was 
kept  above  -0.8  bars. 

However,  an  impressive  array  of  experiments  have  shown  little  or  no 
increased  production  resulting  from  irrigation.   Cosper  and  Thomas  (1961)  found 
yield  increases  of  only  16%  on  a  water-spreading  study  in  South  Dakota.   In  New 
Mexico,  water  spreading  on  sandy  sites  did  not  affect  vegetative  cover 
(Valentine,  1947).   Weaver  (1975)  found  that  additions  of  water  ranging  from 
140%  of  normal  rainfall  to  maintaining  a  constantly  wet  soil  increased 
production  of  Idaho  fescue  (Festuca  idahoensis)  meadows  slightly  when  water  was 
added  in  the  spring,  but  not  at  all  for  summer  additions.   Bleak  et  al.  (1974) 
compared  yields  on  Utah  grasslands  receiving  150%  and  67%  of  normal  rainfall, 
and  found  no  difference.   Pettit  and  Fagan  (1974)  irrigated  buffalograss 
(Buchloe  dactyloides )  in  combination  with  various  nitrogen  treatments,  and 
found  lower  yields  in  irrigated  than  in  nonirrigated  plots  in  all  but  one 
nitrogen  treatment.   In  two  studies  of  the  effect  of  irrigation  on  below-ground 
biomass ,  no  increased  root  growth  was  found  as  a  result  of  added  water 
(Lauenroth  and  Sims,  1973;  Garwood,  1967).   Garwood  attributed  this  to  a  faster 
rate  of  decay  of  dead  roots . 

These  results  indicate  that  the  response  of  grasslands  to  added  water  is 
complex  and  highly  variable.   An  evaluation  of  the  role  which  weather 
modification  will  play  on  western  rangelands  requires  an  understanding  of  the 
factors  affecting  this  variability.   Several  of  these  are  discussed  below. 
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They  are  (1)  nutrient  limitations,  (2)  pattern  of  water  application,  and  (3) 
genetic  limitations. 

Factors  Affecting  the  Grassland  Response  to  Water 


Nutrients 

Available  forms  of  nutrients,  especially  nitrogen  (N)  and  phosphorus  (P) , 
are  commonly  in  short  supply  in  grasslands  (Harmsen  and  Van  Schreven,  1955). 
Range  fertilization  often  results  in  dramatic  increases  in  water  use  efficiency 
and  forage  production  (Smika  et  al . ,  1965;  Klages  and  Ryerson,  1965;  Wight  and 
Black,  1972;  Lauenroth  and  Sims,  1973),  and  a  number  of  investigators  have 
concluded  that  N  is  more  limiting  than  water  on  Northern  Great  Plains 
rangelands  (White  and  Moore,  1972;  Wight  and  Black,  1972;  Lauenroth  and  Sims, 
1973).   Even  where  N  isn't  the  most  limiting  factor,  it  may  quickly  become  so 
when  water  availability  is  increased.   Thus,  rather  than  being  a  linear 
relation,  forage  yield  as  a  function  of  water  availability  may  asymptotically 
approach  some  maximum  determined  by  available  N  (cf.  Van  Dyne,  1975).   This 
would  perhaps  explain  some  cases  of  poor  correlation  between  rainfall  and 
forage  production. 

The  effect  which  added  precipitation  has  on  nutrient  availability  is 
directly  related  to  its  effect  on  microbial  activity.   Soil  CO  evolution 
and/or  nitrification  are  inhibited  at  0  bars  soil  water  tension,  rise  quickly 
at  -  0.15  to  -  0.50  bars,  and  then  decline  with  further  drying,  although  the 
decline  may  be  slow  and  significant  activity  may  continue  at  tensions  as  low  as 
-15  bars  (Parker  and  Larson,  1962;  Justice  and  Smith,  1962;  Miller  and  Johnson, 
1964;  Wiant,  1967;  Nyhan  and  Doxtader,  1974).   Koepf  (1952)  reported  that  the 
optimum  water  content  for  the  activity  of  soil  bacteria  was  60-70%  of  field 
capacity. 

If  microbial  activity  is  largely  confined  to  a  certain  range  in  soil  water 
tension,  nutrient  release  should  be  correlated  with  the  length  of  time  soil 
water  tension  is  within  these  ranges,  and  therefore  to  the  pattern  rather  than 
simply  the  amount  of  rainfall.   This  theory  is  supported  by  Soulides  and 
Allison's  (1961)  observation  that  decomposition  rate  was  significantly 
increased  by  alternate  wetting  and  drying  of  the  soil.   DeJong  et  al.  (1974) 
found  that  the  number  of  wetting  and  drying  cycles  in  the  soil  was  responsible 
for  a  large  part  of  the  annual  variation  in  soil  respiration.   Wildung  et  al. 
(1973)  found  soil  respiration  rate  highly  correlated  with  soil  moisture  and 
temperature  one  year,  but  not  the  next.   They  suggested  that  differences  in 
rainfall  pattern  between  the  two  years  might  be  an  explanation.   However,  "few 
experiments  have  been  designed  to  determine  the  influence  of  fluctuating  soil 
water  on  microbial  activity"  (Nyhan  and  Doxtader,  1974). 

Soil  water  may  also  affect  microbial  activity  through  its  influence  on  soil 
temperature,  which  generally  enters  as  an  important  variable  in  regressions  of 
decomposition  rate  on  native  grasslands  (Nyhan  and  Doxtader,  1974;  DeJong  et 
al . ,  1974).   At  least  certain  kinds  of  microbial  populations  are  quite 
sensitive  to  temperature  changes.   Parker  and  Larson  (1962)  found  that,  in  the 
temperature  range  16  C  to  20  C,  a  2  C  change  had  a  measurable  effect  on 
nitrification.   At  temperatures  of  25  C  to  to  30  C,  this  wasn't  observed. 
Water  added  during  spring  months  may  keep  soil  temperatures  cooler  and  less 
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favorable  for  microbial  activity.   In  summer,  added  water  may  reduce  extremely 
high  soil  temperatures  and  create  more  favorable  decomposition  conditions. 

Increased  rainfall  will  probably  result  in  higher  microbial  activity  and 
consequent  higher  rate  of  nutrient  release.   However,  this  may  not  be  seen  as 
increased  nutrient  concentration  in  the  soil.   Power  (1972)  has  shown  that  as 
much  as  350  kg/ha  of  added  N  can  be  immobilized  by  grasslands.   Much  of  this 
immobilization  is  done  by  roots,  however,  and  increased  nutrient  turnover 
leading  to  increased  root  growth  will  surely  be  beneficial  to  the  rangeland 
community. 

Rainfall  Pattern 

The  effect  of  timing,  frequency,  and  amount  of  rainfall  from  single  storms 
has  generally  been  neglected  in  range  research  (cf.  Smith,  1972),  although 
these  factors  have  been  acknowledged  as  important  in  water  use  efficiency 
(Wight  and  Black,  1974),  nutritive  levels  of  grass  (Rogler  and  Haas,  1947), 
community  composition  (Albertson  and  Tomanek,  1965),  phenological  events 
(Sundberg,  1974;  Beatley,  1974),  and  insect  response  (Cooper  and  Jolly,  1969). 
Several  authors  have  suggested  that  year-to-year  differences  in  pattern  of 
rainfall  may  explain  the  poor  correlation  between  it  and  primary  productivity 
(Wight  and  Black,  1974;  Ballard  and  Ryerson,  1973).   No  experiment  has  been 
designed  to  specifcally  test  this  theory,  and  the  role  which  rainfall  pattern 
plays  in  grassland  response  remains  largely  speculative. 

Genetic  Limitations 

Genetic  factors  apparently  play  a  significant  role  in  the  ability  of  a 
grassland  to  respond  to  improved  water  or  nutrient  supplies.    Wight  and  Black 
(1974)  found  that  mixed  prairie  standing  crop  in  eastern  Montana  peaked  in  mid- 
July  regardless  of  the  amount  of  soil  water  available  at  that  time.   They 
concluded  that  peak  standing  crop  was  genetically  controlled  and  that  maximum 
water  use  by  this  type  of  community  was  about  25  cm.   Weaver  (1975)  suggested 
that  genetic  control  of  the  period  during  which  the  plant  makes  its  growth  may 
be  a  factor  in  the  failure  of  Idaho  fescue  meadows  to  respond  to  summer 
irrigation.   Late  summer  dormancy  is  apparently  common  in  many  grass  species 
(Laude,  1953),  and  suggests  that  cloud  seeding  to  increase  rainfall  in  the  late 
summer  may  either  be  nonproductive  or  result  in  significant  shifts  in  species 
composition.   This  will  be  discussed  in  more  detail  later. 

Many  grass  species  apparently  do  not  respond  to  additions  of  water. 
Ballard  and  Ryerson  (1973)  found  that  only  four  out  of  ten  species  in 
southeastern  Montana  were  significantly  influenced  by  precipitation,  and  in 
only  one  of  these,  western  wheatgrass  (Agropyron  smithii) ,  was  more  than  30%  of 
variation  in  production  explained  by  rainfall.   In  Kansas,  Shiflet  and  Dietz 
(1974)  found  good  correlations  between  rainfall  and  production  in  only  one  of 
four  grass  species. 

Bradshaw  et  al.  (1960)  and  Bradshaw  (1964)  postulated  that  grasses  with  low 
yields  have  a  selective  advantage  in  nutrient-poor  situations.   The  evidence 
indicates  that  evolution  in  the  rigorous  environment  of  the  Great  Plains  has 
similarly  produced  at  least  some  species  whose  forage  production  is  genetically 
fixed  at  fairly  low  levels.   There  are  ample  data  to  show  that  the  grassland 
community  will  respond  to  improved  growth  conditions,  especially  greater 
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nitrogen  availability.   But  this  response  is  not  uniform  among  species,  and 
such  an  amelioration  of  the  environment  would  almost  certainly  result  in  shifts 
in  species  composition.   The  direction  which  these  shifts  may  take  are  explored 
below. 

Effect  of  Added  Water  on  Composition  of  the  Range 

Species  Change 

The  exact  nature  of  changes  in  composition  due  to  increased  precipitation 
will  undoubtedly  vary  among  communities.   Spring  and  early  summer  rains  will 
probably  favor  the  development  of  cool-season  over  warm-season  grasses  (Ballard 
and  Ryerson,  1973).   Late  summer  rains  will  perhaps  do  the  opposite  (Klages  and 
Ryerson,  1965;  Lauenroth  and  Sims,  1973);  however,  no  experiment  has 
specifically  tested  this.   Forb  production  also  appears  to  be  favored  by  late 
summer  and  fall  rains  (Noller,  1968).   Increased  N  and  P  availability  will 
probably  favor  cool-season  grasses  and  forbs  (Williams,  1953;  Cosper  and 
Thomas,  1961;  Goetz,  1969;  (Also  from  personal  communications  with  J.  Ross 
Wight)). 

Species  composition  of  Great  Plains  grasslands  normally  changes  with 
changing  weather.   The  response  of  rangeland  to  drought  has  been  thoroughly 
studied  (Weaver  and  Albertson,  1939),  but  only  one  publication  has  documented 
species  changes  resulting  from  a  several-year  period  of  high  rainfall. 
Coupland  (1959)  found  that,  during  a  period  of  unusually  favorable  weather  on 
grasslands  in  southern  Saskatchewan  and  Alberta,  percent  composition 
contributed  by  wheatgrasses  and  porcupine  needlegrass  (Stipa  spartea)  increased 
markedly,  while  blue  grama  (Bouteloua  gracilis)  and  needleandthread  (Stipa 
coroata)  decreased.   Porcupine  needlegrass  actively  invaded  sites  which  had 
formerly  been  too  dry. 

Experiments  which  modify  water  availability  give  further  insights  into 
possible  shifts  in  species  composition  due  to  weather  modification.   Pitting 
and  scalping  studies  in  northern  Montana,  which  increased  both  water  and  N 
availability,  resulted  in  shifts  of  dominance  from  needleandthread  grass  to 
western  wheatgrass.   In  some  cases,  these  treatments  have  also  resulted  in 
marked  increase  in  fringed  sagewort  (Artemisia  f rigida) ,  and  in  the  appearance 
of  grasses  such  as  squirreltail  (Sitanion  hystrix)  (Ryerson  et  al.,  1970).   The 
long-term  effects  of  an  environmental  perturbation  are  well  illustrated  by 
these  experiments.   Fifteen  years  after  pitting  or  scalping,  species  change  is 
still  dynamic,  and  fringed  sagewort  now  appears  to  be  decreasing  (personal 
communication  with  Harold  A.R.  Houlton) . 

Availability  of  N  and  P  is  a  major  factor  in  determining  species 
distribution  (Lunt,  1972;  t'Harte,  1949;  Sonnevold  et  al . ,  1959;  Bradshaw  et 
al .  ,  1960),  and  higher  nutrient  availability  resulting  from  increased  water 
will  play  a  large  role  in  compositional  changes.   Fertilizer  experiments  in  the 
Northern  Plains  have  generally  resulted  in  increases  in  western  wheatgrass  and 
decreases  in  blue  grama  (Rogler  and  Lorenz,  1957;  Lorenz,  1970;  Wight  and 
Black,  1972). 
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Genotypic  Change 

It  is  likely  that  an  altered  water-nutrient  regime  would  result  in  genetic 
change  through  natural  selection  within  populations  on  a  particular  site. 
Genotypic  shifts  in  response  to  an  altered  environment  can  occur  very  rapidly 
(Levins,  1968).   The  work  of  Bradshaw  and  his  colleagues  on  adaptation  of 
grasses  to  mine  spoils  has  demonstrated  this  elegantly  (see  Gregory  and 
Bradshaw,  1965,  for  a  review).   Harung  (1974)  has  linked  water  availability  to 
incorporation  of  phosphorus  into  nucleic  acids  of  the  desert  plant,  Anastatica 
hierochuntica  L.,  providing  another  possible  mechanism  for  water-linked  genetic 
change . 

Little  is  known  concerning  ecotypic  variation  of  grasses  with  respect  to 
water  and  nutrient  requirements.   Genotypic  differences  in  water  requirement 
have  been  shown  in  orchard  grass  (Dactylis  glomerata)  (Keller,  1953;  McKell  et 
al.,  1960),  pubescent  (Agropyron  trachophorum) ,  and  intermediate  wheatgrasses 
(Agropyron  intermedium)  (Baker  and  Hunt,  1961).   Differential  response  to 
magnesium  and  calcium  has  been  found  among  populations  of  bluebunch  wheatgrass 
(Agropyron  spicatum)  (Main,  1974).   However,  the  extent  of  such  differentiation 
in  nature  remains  to  be  determined.   Blue  grama,  for  example,  appears  to  vary 
in  its  water  requirements.   In  Colorado,  it  is  noted  for  its  ability  to  respond 
to  favorable  growing  conditions  anytime  during  the  year  (Turner  and  Klipple, 
1952),  but  Ballard  and  Ryerson  (1973)  could  find  no  correlation  between 
rainfall  and  blue  grama  production  in  Montana. 

Genetic  change  (including  shifts  in  species)  is  a  common  response  of  nature 
to  a  changing  environment.   It  is  not  a  cause  for  concern  unless  it  results  in 
poorer  forage  producers  in  a  less  stable  community.   The  evidence  presented 
above  indicates  that  community  change  resulting  from  increased  rainfall  in  the 
spring  and  early  summer  would  be  toward  higher  yielding,  more  desirable  forage 
species . 

Stability  is  directly  related  to  the  degree  of  success  which  weather 
modification  operations  have.   If  rain  is  increased  during  normally  wet  years 
and  not  affected  during  drought,  the  result  will  be  an  increase  in  the 
amplitude  of  climatic  variation.   What  this  means  in  an  already  highly  variable 
environment  is  not  known.   If  periods  of  favorable  weather  result  in  dominance 
by  more  mesic  species  or  genotypes,  the  ability  of  the  community  to  respond 
successfully  to  drought  will  involve  a  much  higher  compositional  flux  than  at 
present.   Effects  of  a  drought  could  be  more  severe;  recovery  could  take 
longer . 

Klages  and  Ryerson  (1965)  demonstrated  quite  clearly  some  problems  which 
may  be  encountered.   They  added  water  and  nitrogen  to  native  range  in  1958, 
1959,  and  1960  with  significant  increases  in  yield.   1960  and  1961  were  drought 
years,  and  by  1962,  grasses  in  previously  fertilized  and  watered  plots  had 
decreased  much  more  than  in  control  plots.   Needleandthread  was  virtually 
eliminated  from  experimental  plots,  while  forbs  increased.   Apparently  3  years 
of  exceptionally  favorable  growing  conditions  had  reduced  this  community's 
ability  to  withstand  unfavorable  condtions. 

Effect  of  Added  Water  on  Secondary  Productivity 


Cooper  and  Jolly  (1969)  suggest  that  there  would  be  no  major  insect  pest 
outbreaks  as  a  result  of  weather  modification.   Data  from  irrigated  and 
fertilized  range  plots  in  Colorado  show  insect  biomass  increases  which  are 
generally  consistent  with  increases  in  forage  production  (Lavigne  and  Kumov, 
1974). 

Among  arthropods,  response  to  an  ecosystem  perturbation  is  dependent  on 
trophic  level  and  successional  status  of  the  community  (Hurd  and  Wolf,  1974). 
There  is  significant  variation  in  the  response  of  closely  associated 
grasshopper  populations  to  moisture,  temperature,  and  starvation  (Hastings  and 
Pepper,  1964),  and  there  are  year-to-year  fluctuations  in  grasshopper 
populations  "which  are  not  the  direct  result  of  vegetational  changes  alone,  nor 
probably  of  any  single  environmental  factor"  (Anderson,  1964).   However, 
Edwards  (1960)  did  find  a  weak  relationship  between  grasshopper  numbers  in 
Saskatchewan  and  April-August  precipitation  in  the  preceding  2  years.   Riegert 
(1968)  found  grasshopper  infestations  in  Saskatchewan  increase  in  warm,  dry 
weather,  whereas  cool,  moist  conditions  caused  population  declines. 

Unexplained  fluctuations  in  the  populations  of  small  mammals  make 
correlation  of  their  numbers  with  weather  variables  very  difficult.   Okulora 
and  Myskin  (1974)  found  that  numbers  of  the  northern  red-backed  vole 
(Clethrionomys  rutilus)  correlated  principally  with  temperature;  however,  there 
was  an  inverse  correlation  with  spring  precipitation.   Lauenroth  and  Sims 
(1973)  found  shifts  in  small  mammal  species  composition  coupled  with 
significantly  smaller  biomass  in  plots  which  had  been  irrigated  for  2  years. 

The  response  of  large  herbivores  to  change  in  primary  production  could 
probably  be  generalized  from  cattle  data,  if  cattle  data  allow  a 
generalization.   Ballard  and  Ryerson  (1973)  found  that  in  southeast  Montana, 
calf  weights  were  significantly  correlated  (positively)  to  growing  season  and 
previous  year  precipitation,  but  gain  of  wet  cows  was  not.   In  a  higher 
rainfall  zone  in  central  Montana,  there  was  no  relationship  between 
precipitation  and  cattle  weight  gains.   In  a  North  Dakota  study,  weaning 
weights  of  calves  were  lowest  for  years  which  received  the  greatest  amounts  of 
rainfall  from  April  through  July  (Johnson  et  al.,  1974).   In  Colorado,  it  was 
found  that  1  inch  or  more  rainfall  in  July  or  August  enhanced  steer  weight 
gains  significantly  (Bose  et  al.,  1975;  Sims  et  al.,  1976;  cited  in  Cook, 
1975).   Whether  this  would  be  true  in  more  northerly  grasslands,  with  a  smaller 
component  of  warm-season  grasses,  is  not  clear. 

The  effect  of  increased  forage  on  cattle  weights  will  depend  largely  on  its 
nutritive  value.   The  effects  of  increased  water  on  the  protein  content  of 
grasses  is  quite  variable.   In  many  parts  of  Montana,  optimum  nutritive  content 
is  reached  at  precipitation  levels  slightly  under  average  (personal 
communication  with  Gene  F.  Payne).   Willard  and  Schuster  (1973)  found  that 
crude  protein  of  six  grasses  from  the  Southern  Great  Plains  was  highest  when 
rainfall  was  adequate  for  vegetative  growth.   In  the  Northern  Great  Plains, 
Wight  and  Black  (1974)  reported  that  nitrogen  concentration  in  above-ground 
biomass  declined  throughout  the  growth  period  independently  of  rainfall,  while 
phosphorus  concentration  fluctuated  as  a  function  of  precipitation.   Thomas  and 
Osenbrug  (1964)  found  that  the  nitrogen  content  of  fertilized  grasses  was 
diluted  by  added  water. 
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Relationship  between  nutrient  content  of  grasses  and  precipitation  is 
probably  dependent  on  a  number  of  factors,  including  grass  species  and  timing 
of  the  rainfall.   Crude  protein  percent  increases  in  blue  grama,  but  not  in 
western  wheatgrass,  following  a  summer  thunderstorm  (Rauzi  et  al.,  1969).    In 
grasslands  with  a  significant  component  of  blue  grama,  rains  in  the  late  summer 
would  perhaps  be  the  most  productive  from  the  standpoint  of  maintaining  an 
adequate  nutrient  supply.   Where  western  wheatgrass  predominates,  the  evidence 
indicates  this  would  not  be  the  case;  however,  it  is  a  question  that  needs 
further  research.   The  possibility  exists  that,  given  rain  in  the  proper 
season,  warm-season  grasses  could  assume  a  more  important  role  in  northern 
grasslands . 

Other  Potential  Effects 

Plant  Diseases 

Broadbent  (1967)  reviewed  the  research  on  the  influence  of  weather  on  plant 
virus  diseases,  and  concluded  that  it  is  "considerable  and  very  complex  (and) 
has  been  adequately  studied  in  relation  to  very  few  diseases.  . 

Aphids  and  leafhoppers  are  the  principal  vectors  of  plant  diseases.   Aphids 
multiply  faster  in  warm,  dry  summers  than  in  cool,  moist  ones;  however,  in  dry 
areas,  wet  periods  which  favor  the  growth  of  plants  may  also  favor  the 
proliferation  of  the  insects  that  feed  on  them  (Broadbent,  1967).   Curly  top 
virus  of  beet  is  increased  by  spring  rains  because  of  increased  germination  of 
annual  weeds  which  harbor  the  virus  (Severin,  1939),  and  in  California,  rain 
encourages  the  growth  and  subsequent  infestation  of  grasses  by  aphids  which 
carry  cereal  yellow  dwarf  virus  (Oswald  and  Houston,  1953). 

Temperature  effects  on  aphids  and  leafhoppers  are  mixed.   In  general,  warm 
temperatures  increase  aphid  movement  and  thus  infection  rates  (Bald  et  al., 
1950);  however,  very  warm  temperatures  may  result  in  a  cessation  of  aphid 
activity  altogether  (van  der  Plank,  1944) .   Hot  weather  may  either  increase  or 
decrease  the  infectivity  of  leafhoppers,  depending  on  species  (Kunkel,  1937; 
Webb,  1956). 

The  possible  effects  of  increased  moisture  on  soil-borne  pathogens  are 
mixed.   Fungi  are  killed  by  prolonged  conditions  that  favor  activity  of 
anaerobic  bacteria.   Those  without  adequate  dormant  structures  may  be 
controlled  to  a  certain  extent  by  low  water  tensions  in  surface  soils  (Bruehl, 
1969).   Once  again,  the  implication  is  that  timing  of  added  water  may  be  the 
important  factor  in  determining  effects . 

Parasites 

The  liver  fluke  is  an  important  parasite  of  cattle  and  sheep  in  many  areas. 
Two  conditions  are  necessary  for  survivial  and  spread  of  flukes:   (1)  an 
adequate  population  of  the  snail,  Lymnaea  truncatula,  which  is  an  essential 
host  during  a  portion  of  the  fluke's  life  cycle;  and  (2)  saturated  soil  for 
movement  of  the  fluke  from  host  to  host  (Ollerenshaw,  1967).   A  concern  has 
been  voiced  that  enhanced  rainfall  may  increase  that  incidence  of  liver  fluke 
disease  in  the  Northern  Great  Plains  (now  virtually  nonexistent).   However, 
Ollerenshaw  (1967)  has  determined  that,  in  England,  three  consecutive  months  in 
which  rainfall  exceeds  evaporation  are  necessary  for  the  fluke  to  complete  its 
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life  cycle.   In  addition,  areas  of  standing  water  are  necessary  for  suitable 
snail  habitat.   It  seems  unlikely  that  weather  modification  in  the  semiarid 
Great  Plains  will  be  successful  enough  to  fulfill  either  of  these  conditions. 

Runoff 

The  amount  of  runoff  produced  by  increased  rainfall  will  depend  on  soil 
type,  vegetative  cover,  and  the  way  in  which  storm  intensity  is  affected  by 
precipitation  modification.   On  mixed  prairie,  grassland  condition  exerts  a 
greater  control  over  infiltration  than  soil  type.   On  semiarid  sites,  because 
of  sparse  vegetation,  the  opposite  is  true  (Wolf,  1970). 

Wolf  (1970)  reported  that  the  average  1-hour  duration  storm  was  capable  of 
being  infiltrated  on  practically  all  range  sites  which  he  studied.   The  average 
10-minute  duration  storm  would  be  infiltrated  where  range  conditions  were  good 
to  excellent,  but  not  when  they  were  fair  to  poor.   Branson  and  Owen  (1970) 
found  that  74%  of  the  variation  in  runoff  from  watersheds  underlain  by  Mancos 
shale  was  explained  by  the  proportion  of  bare  soil  in  the  watershed. 

The  above  data  indicate  that  in  the  short-run,  runoff  in  semiarid  areas  may 
be  increased  by  precipitation  enhancement.   However,  if  increased  rainfall 
results  in  increased  vegetative  cover,  runoff  will  decrease  proportionately  and 
the  long-term  effect  will  be  beneficial. 

Summary  and  Conclusions 

1.  Over  the  short  term,  aboveground  primary  production  may  be  increased 
slightly  by  spring  and  early  summer  rains,  but  without  fertilization  maximum 
yields  per  inch  of  added  rainfall  will  probably  not  exceed  50-  110  lb/acre. 
Increases  from  added  precipitation  will  probably  be  considerably  higher  in 
years  of  low  than  in  years  of  high  total  growing  season  precipitation. 

2.  The  long-term  effect  of  added  water  on  primary  production  will  depend 
on  the  degree  to  which  decomposition  rates  are  increased,  and  therefore,  the 
rate  at  which  nutrients  are  released.   Higher  rainfall  will  probably  increase 
nutrient  cycling  rates;  however,  research  is  needed  to  quantify  this  effect. 

3.  Compositional  changes  will  almost  certainly  occur  in  the  community,  the 
exact  nature  of  which  will  be  highly  dependent  on  the  pattern  of  rainfall 
increases.   Enhanced  precipitation  in  the  spring  (April  and  May)  will  probably 
result  in  increased  proportions  of  more  mesic,  high  producing  species.   Summer 
and  fall  rains  will  probably  affect  mainly  warm-season  grasses  and  forbs; 
however,  research  is  needed  on  this  point. 

4.  The  effect  of  increased  forage  production  on  livestock  weights  is  not 
clear.   In  periods  of  deficient  water,  the  forage  produced  by  added  rainfall 
will  probably  result  in  higher  livestock  gains.   At  higher  rainfall  levels, 
however,  the  effect  on  livestock  may  be  minimal  and  perhaps  even  negative.   The 
responses  will  largely  be  governed  by  the  nutrient  content  of  the  forage. 
Further  research  is  needed  on  this  question. 

5.  Changes  in  consumer  populations  will  probably  not  be  dramatic,  although 
small  mammal  numbers  may  decline.   The  effect  such  a  decline  would  have  on 
community  function  is  not  known. 


6.  Cool,  moist  weather  during  the  growing  season  could  result  in  declines 
in  grasshopper  populations. 

7.  Enhancement  of  precipitation  could  result  in  communities  which  are  less 
able  to  withstand  adverse  conditions.  If  drought  periods  cannot  be  affected  by 
weather  modification,  more  extreme  fluctuations  in  the  vegetation  may  result. 

8.  In  the  long  run,  runoff  will  be  reduced  in  an  amount  proportionate  to 
increased  vegetative  cover,  providing  there  isn't  a  significant  increase  in 
storm  intensity. 

9.  There  will  be  both  positive  and  negative  effects  on  diseases  of  plants. 
The  net  effect  cannot  be  predicted. 
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EFFECT  OF  SUPPLEMENTAL  WATER  ON  ABOVEGROUND  YIELD  OF  RANGE  GRASSES 

By 

T.  Weaver 

Abstract 

In  Agropyron  smithii  and  Bouteloua  gracilis  ecosystems  at  equilibrium, 
yields  increase  exponentially  with  increases  in  available  water  to  at  least  800 
mm  (32  in)  with  yield  exceeding  400  gm/sq  m  for  Bouteloua  and  600  gm/sq  m  for 
Agropyron.   Water  use  efficiency  also  increased  when  water  was  applied  in  large 
amounts  or  in  smaller  amounts  subjected  to  relatively  low  evaporation  rates 
(i.e.,  large  amounts  applied  in  short  periods  of  time  or  water  applied  in 
seasons  with  light  low  stress).   Water  response  curves  of  Agropyron  and 
Bouteloua  are  consistent  with  their  abilities  to  compete  for  water  and 
therefore  with  their  natural  ranges. 

Introduction 

Current  weather  modification  efforts  on  the  Great  Plains  are  concentrated 
in  the  summer  months  when  soil  water  deficiencies  become  most  obvious.   To  the 
extent  that  the  pattern  of  natural  rainfall  in  the  Northern  Great  Plains 
indicates  possibilities  for  precipitation  enhancement  through  cloud  seeding, 
opportunities  may  decrease  progressively  from  April-June,  to  September,  to 
July-August,  to  October-March  (Weaver  1980). 

The  objectives  of  this  study  were:   (1)  to  determine  the  relative  merits  of 
cloud  seeding  in  the  fall,  spring,  or  summer;  and  (2)  to  determine  the  relative 
effects  of  summer  showers  of  different  magnitudes  on  yields  of   range  grasses, 
Bouteloua  gracilis  and  Agropyron  smithii,  which  dominate  1.16  million  km  in 
the  Great  Plains  of  North  America  (Kuchler  1964). 

Methods 

To  compare  the  benefits  of  water  regimes  representing  a  spectrum  of 
possible  weather  modification  schemes  we  applied  six  irrigation  treatments, 
harvested  sample  plots  periodically,  and  present  maximum  standing  crop  data  as 
an  index  of  yield  response. 

The  experiments  were  done  at  two  sites,  one  dominated  by  Agropyron  smithii 
and  one  dominated  by  Bouteloua  gracilis .   Both  are  located  on  the  U.S. 
Livestock  and  Range  Experiment  Station,  Miles  City,  Montana.   At  Miles  City, 
normal  (30-year  average)  precipitation  is  355  mm  (14  in)  per  year  with  an 
average  of  14  mm  monthly  in  October  through  March  and  33  mm  in  April  through 
September  with  the  exception  of  May  (53  mm)  and  June  (82  mm) .   Temperatures 
averaged  23C  (74F)  in  July  and  -9C  (15F)  in  January.   More  detailed  weather 
statistics  appear  in  Weaver  (1980)  and  USDA  (1976-1980).   USDA  Soil 
Conservation  service  personnel  (M.  Nichols,  Miles  City)  described  the  soil  of 
the  Agropyron  site  as  well-drained,  fine,  montmorillonitic  Borollic  Camborthid 
with  plentiful  free  lime  at  20  cm  and  roots  to  1.5  m  and  identified  it  as  a 
Kobar  silty  clay  loam  which  developed  on  alluvium  lying  in  simple  relief  with 
2  percent  north  slope.   The  soil  of  the  Bouteloua  site  was  described  as  a  well- 
drained,  fine  loamy,  frigid  calcareous  Ustic  Torriorthent  with  plentiful  free 
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lime  at  75  cm  and  roots  to  105  cm  and  identified  as  a  Havre  variant  loam 
developed  on  a  high  alluvial  terrace  with  simple  relief  and  a  one  percent  east 
slope.   Large  herbivores  were  excluded  from  the  study  sites  and  their  grazing 
impact  was  simulated  by  mowing,  with  removal  of  forage  in  October  of  each  year 
(Weaver  et  al.  1981) . 

Six  irrigation  treatments  were  imposed  on  two  blocks  at  each  site.   The 
control  was  unwatered.   In  fall-wet  and  spring-wet  treatments,  soils  were  wet 
to  75  cm  with  a  series  of  irrigations  in  September  through  October  and  May 
through  June  respectively.   In  summer  (May-August)  shower  treatments,  rainfall 
was  supplemented  to  6  mm  and  12  mm  per  week  by  irrigating  appropriately  if  less 
rain  fell  and  omitting  irrigation  if  more  rain  fell.   In  the  wet  treatment  soil 
water  stresses  in  excess  of  2  bars  were  prevented,  usually  by  weekly 
irrigations  of  25  mm.   Though  this  watering  was  from  May  through  August,  soils 
in  the  wet  treatment  usually  remained  moist  throughout  the  year  due  to  low 
evapotranspiration  in  the  fall-winter-spring  period.   Water  applications  are 
summarized  in  Table  1.   Soil  water  responses  are  discussed  elsewhere  (Weaver  et 
al.  1981)   as  are  details  of  equipment,  uniformity,  procedure,  and  water 
quality. 

A  uniformly  watered  14  x  14  m  portion  of  each  irrigated  area  was  divided 
into  nine  strips,  of  which  those  numbered  1,  3,  5,  7,  and  9  were  sampled  for 
production.   Standing  crop  was  measured  monthly  by  clipping  ten  30  x  60  cm 
quadrats  at  ground  level,  separating  forbs  and  grass,  drying  to  constant 
weight,  and  weighing.   At  each  harvest  date  one  quadrat  from  each  clip  strip 
was  clipped  at  ground  level;  these  were  randomly  chosen  with  each  strip  being 
divided  into  six  blocks,  each  containing  all  the  quadrats  for  a  given  year 
(1977  through  1982).   This  layout  prevents  clipping  of  a  quadrat  within  30  cm 
of  another.   Because  they  were  generally  not  significantly  different,  data 
across  replications  were  pooled  to  provide  a  sample  size  of  ten.   Significant 
differences  (p  less  than  0.05,  analysis  of  variance  test)  between  replicates 
occurred  in  only  five  cases.   Production  is  estimated  here  as  maximum  standing 
crop  per  year.   This  estimate  is  minimal  (Singh  et  al.,  1975)  if  groups  of 
plants  mature  before  or  after  maximum  standing  crop  or  if  significant  numbers 
of  leaves  and  culms  are  transferred  to  the  litter  layer,  resulting  in 
progressively  larger  underestimates  of  production  as  the  season  progresses. 

In  discussing  the  effects  of  water  on  yields  it  will  be  assumed  that  the 
water  involved  is  that  which  fell  between  1  September  of  the  previous  year  and 
31  August  of  the  harvest  year.   Therefore,  water  falling  after  maximum  standing 
crop  is  achieved  is  assumed  to  be  wasted.   This  may  result  in  a  slight 
underestimate  of  resultant  production  if  watering  of  6  mm  and  12  mm  plots 
results  in  the  synthesis  of  carbohydrates  which  support  growth  in  the  following 
year.   Rainfall  data  for  the  winter  (October  through  April)  months  is  taken 
from  Miles  City  FFA  (USDC  1976-1980)  records;  this  seems  valid  since  rainfall 
in  this  period  is  due  mostly  to  general  showers.   Rainfall  in  the  summer  months 
was  measured  on  each  site  with  a  standard  National  Weather  Service  raingage,  a 
continuously  recording  Belfort  raingage,  and  several  wedge  gages. 

Results  and  Discussion 

In  the  first  year  of  irrigation  (dry  1977)  it  was  observed  that  yields 
increased  asymptotically  with  increasing  additions  of  water  to  four  to  six 
times  control  levels  in  Agropyron  smithii  and  Bouteloua  gracillis  ecosystems, 
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Table  1.   Water  contribution  to  harvests  of  1977-1980:  total  rainfall 
(September-August),  summer  rainfall  (May-August)  and  irrigations  (May- 
August)  .   Number  of  irrigations  contributing  to  the  total  is  shown  in 
parentheses  after  each  irrigation  entry. 

RAINFALL  IRRIGATION  TREATMENT 


YEAR  TOTAL  SUMMER   0    6mm       12mm       FW       SW       WET 


1977 

297 

184 

1978 

475 

184 

1979 

278 

72 

1980 

177 

113 

1977 

229 

117 

1978 

463 

203 

1979 

316 

97 

1980 

185 

124 

Agropyron  smithii 

0(0)   24(7)     15(2)  0(0)  273(9)  508(25) 

0(0)   17(4)     56(8)  63(3)  59(2)  346(11) 

0(0)   21(10)    121(11)  166(6)  108(4)  318(13) 

0(0)   77(13)    168(15)  161(5)  281(9)  536(23) 
Bouteloua  gracilis 

0(0)   23(6)     16(2)  0(0)      230(9)  401(20) 

0(0)   36(7)     86(7)  189(5)    101(4)  324(13) 

0(0)   51(10)    129(13)  134(4)    184(8)  408(16) 

0(0)   66(12)    176(14)  194(5)    309(9)  642(18) 
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respectively  (Figure  1,  Table  2).   This  response  has  been  predicted  (Perry 
1976)  and  is  probably  due  to  the  fact  that  photosynthesis  is  limited  by  numbers 
of  plants  available. 

In  contrast  to  the  initial  response,  data  from  later  years  showed  that 
yields  increased  exponentially  with  increasing  amounts  of  water  (Figure  lb). 
This  trend  continues  to  precipitation  levels  (800  mm)  significantly  greater 
than  those  observed  in  areas  dominated  by  either  species.   Yield  increases  were 
due  to  increased  plant  densities  (number  per  square  meter) ,  rather  than  to 
increases  in  plant  size  since  plant  sizes  in  wetter  plots  actually  declined 
from  1977  to  1978  through  1980. 

The  slope  of  the  yield  response  lines  indicate  water  use  efficiency:   grams 
of  forage  per  kilogram  of  water  used  =  gms/m  /mm  water.   When  rainfall  is  less 
than  300  mm  (12  in),  efficiencies  are  relatively  low  in  Agropyron  (0.28  ±  0.03 
SE) ,  and  Bouteloua  (0.32  ±  0.12  SE).   Efficiencies  tend  to  rise  as  rainfall 
exceeds  500  mm  (20  in)  in  Agropyron  (0.80  ±  0.10  SE)  and  to  a  lesser  extent  in 
Bouteloua  grasslands  (0.56  ±  0.06  SE) .   It  may  be  concluded  that  if  water 
resources  are  limited  --  due  to  physical  supply  or  to  money  available  for 
acquiring  or  transporting  a  supply  --  yields  will  be  maximized  if  water  use  is 
concentrated  rather  than  diffused.   This  may  explain  the  success  of  such  range 
renovation  techniques  as  pitting  (Valentine  1980) . 

A  comparison  of  yield  response  lines  for  Bouteloua  and  Agropyron  showed 
that  the  Bouteloua  line  intercepts  the  rainfall  axis  at  a  lower  value  than  the 
Agropyron  line  and  that  the  slope  of  the  Bouteloua  line  is  less.   One  might 
predict  on  this  basis  that  Bouteloua  has  a  greater  drought  tolerance  than 
Agropyron  and  that  Bouteloua  will  out-produce  Agropyron  and  therefore  tend  to 
dominate  it  when  effective  precipitation  is  less  than  300  mm.   In  contrast, 
when  effective  precipitation  exceeds  300  mm  Agropyron  will  out-produce 
Bouteloua.    This  prediction  is  consistant  with  the  observation  that  as  one 
moves  eastward  to  the  increasingly  wetter  areas  of  the  central  Dakotas, 
Agropyron  increases  its  domination  of  Bouteloua.   The  slope  of  the  Bouteloua 
water  response  line  is  perhaps  a  bit  too  shallow  since  no  grass  can  grow 
without  water  (i.e.,  it  must  intercept  the  horizontal  axis  at  a  precipitation 
level  above  zero.) 

Because  the  yield  response  curves  are  exponential,  yield  responses  from 
small  additions  of  water  will  be  relatively  small.   When  rainfall  was 
supplemented  to  six  mm/week  Agropyron  yields  were  increased  in  three  of  four 
years  for  an  average  increase  of  12  percent  and  Bouteloua  yields  were  increased 
in  four  of  four  years  for  an  averaged  increase  of  22  percent.   The  increase  was 
statistically  significant  (p  less  than  0.05,  t-test)  during  one  year  (1980)  in 
Agropyron  but  was  never  significant  (p  greater  than  0.1,  t-test)  in  Bouteloua. 
When  12  mm  of  rain  were  guaranteed  weekly,  Agropyron  yields  increased  in  two  of 
three  years  for  an  average  increase  of  71  percent  (27  percent,  -  5  percent,  and 
192  percent).   Bouteloua  yields  were  increased  in  two  of  three  years  for  an 
average  of  53  percent.   The  increase  was  statistically  significant  (p  less  than 
0.05,  t-test)  in  two  of  three  years  at  each  site. 

Water-use  efficiencies  (gm  forage/kg  of  water  applied)  in  wetter  treatments 
exceeded  those  of  drier  treatments  (as  noted  above)  and  water  use  efficiency  of 
water  applied  in  fall  and  spring  tended  to  exceed  that  of  water  applied  in 
summer.   This  is  illustrated  in  Figure  lc  where  data  from  fall  and  spring 
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Figure  1 .   Yield  responses  of  Agropyron  smithii  (AG  + +) ,  and  Bouteloua 

gracilis  (BO* -• )   to  added  water.   a)  Asymptotic  first  year  responses 

(1977)  indicate  a  nonwater  limiting  factor.   b)  Exponential  response  to 
summer  water  (1978-1980)  indicates  substantial  control  of  growth  by  water, 
c)   Summer  water  response  lines  are  transferred  without  modification  from 
Figure  lb.   Dots  (Bouteloua)  above  the  dashed  line  and  pluses  (Agropyron) 
above  the  solid  line  show  that  greater  yields  per  unit  of  water  were 
realized  with  fall  and  spring  than  with  summer  watering. 
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Table  2.   Maximum  standing  crops  of  differentially  irrigated 
Agropyron   smithii   and  Bouteloua  gracilis  plots.   Means  and  standard 
errors  were  calculated  from  a  sample  of  ten  30  x  60  cm  quadrats. 


12 


Treatment 


FW 


SW 


YEAR 

1977 

67±4 

74±4 

1978 

271±20 

280±17 

1979 

111±8 

88±7 

1980 

39±6 

69±10B 

1977 

22±4 

33±6 

1978 

192±39 

204±41 

1979 

102±6 

117±13 

1980 

104112 

123±11 

WET 


Agropyron  smithii 

81±6      71±3  270±24A  282±28A 

344±20    587±46A  529±68A  923±78A 

106117     301127A  163117B  617198A 

114±9A    227123A  317140A  718190A 
Bouteloua  gracillis 

27±2      27±4  108116A  146119A 

254157     294140  388140A  479152A 

162123B    244123A  313127A  411129A 

176119A   284139A  406149A  405124A 


1.  The  12  mm  plot  was  supplemented  to  12  mm  per  fortnight  in 
1977  and  to  12  mm  per  week  in  1978  1980.   The  fall  wet  plot  was  not 
watered  in  the  fall  of  1976,  i.e.,  it  served  as  a  second  control  in 
1977. 

2.  Harvests  significantly  greater  than  the  control  are 
indicated  by  letter:   A  =  p  less  than  0.01  and  B  =  p  less  than  0.05, 
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treatments  are  plotted  over  water  response  curves  derived  from  summer  watering 
(Figure  lb).   The  fact  that  five  of  six  points  shown  for  Bouteloua  vegetation 
are  above  the  water  response  curve  indicates  that  production  per  unit  of  water 
was  relatively  high  in  these  treatments;  the  point  below  the  dashed  line  was 
recorded  in  1978  before  the  density  of  developing  vegetation  in  the  once- 
watered,  fall  wet  treatment  could  increase.   Fall  and  spring  watering  tended  to 
increase  water  use  efficiencies  in  Agropyron  grasslands  as  well.   The 
relatively  low  efficiency  of  use  of  summer  water  is  attributed  to  the  fact  that 
it  was  applied  piecemeal  in  the  warm  dry  season  so  a  large  fraction  of  it 
evaporated  without  benefit  to  plants.   In  contrast,  water  applied  in  fall  and 
spring  was  applied  in  larger  doses  and  during  periods  of  lower  evaporative 
stress  and  so  percolated  more  deeply  into  the  soil.   As  a  result,  a  larger 
fraction  was  transpired  and  a  smaller  fraction  was  evaporated. 
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SHORT-TERM  RESPONSES  OF  AGROPYRON  SMITHII 


VEGETATION  TO  SIX  WATER  REGIMES 

By 

T.  Weaver,  J.  Birkby,  J.  Welker,  J.  Newbauer 

Abstract 

Irrigation  treatments  contrasted  the  performance  of  unirrigated 
Agropyron  smithii  vegetation  with  that  of  vegetation  that  was  irrigated 
in  the  fall,  spring,  and  summer.   Summer  water  was  applied  in  three 
levels:   6  mm,  12  mm,  and  25  mm  per  week.   Most  physiological  changes 
were  related  to  increases  in  water.   Plants  stayed  green  longer,  but  few 
flowered  longer.   Yields  increased  exponentially  with  additions  of  water. 
Water-use  efficiencies  were  highest  in  the  spring  wet  treatment,  next 
highest  in  the  wet  and  fall  wet  treatments,  and  lowest  in  summer  shower 
treatments.   The  stand  thickened  and  as  the  thicker  foliage  canopy 
developed  it  tended  to  rise  off  the  ground  surface.   Forage  quality  was 
maintained  or  improved.   Seed  production  depended  on  water  in  a  fall 
initiation  period  plus  some  water  in  the  following  spring  development 
period.   Root-shoot  ratios  dropped  from  above  38  to  about  1.5.   Relative 
to  summer  watering,  fall  watered  plots  tended  to  produce  more  Agropyron 
seed  and  a  greater  density  of  Bromus  tec to rum;  the  opposite  effects  were 
seen  in  spring  wet  plots. 

Introduction 

Water  is  an  important  ecological  factor  since  it  modifies  the  re- 
sponses of  vegetation.  Man  may  modify  water  supplies  by  irrigation,  water 
spreading,  and  cloud  seeding,  either  advertant  or  inadvertant.   To  appre- 
ciate the  effects  of  these  modifying  processes,  the  manner  in  which 
ecosystems  respond  to  changes  in  quantities  of  water  received  and/or 
seasonal  distribution  of  water  supplies  needs  to  be  known. 

Current  expectations  of  water  effects  are  based  on  observations  of 
uncontrolled  natural  precipitation  events.   Production  studies  which 
showed  yield  changes  associated  with  wet  versus  dry  years  were  reviewed 
by  Collins  and  Weaver  (1978).   The  effects  of  longer  term  changes  in 
climate  were  documented  after  brief  climatic  shifts  (Weaver  1968, 
Coupland  1958,  Kuchler  1964).   While  paleontologists  are  piecing  together 
records  of  still  longer  climatic  shifts,  equilibrium  conditions  following 
long  term  shifts  may  be  better  predicted  by  comparing  the  vegetation  of 
one  region  with  that  of  another  having  similar  temperatures  but  receiving 
different  quantities  of  rainfall  or  rainfall  in  a  different  season. 

In  contrast,  field  experiments  may  be  used  to  determine  the  effects 
of  supplemental  water.   The  effects  of  short  term  (three  year)  water 
supplements  on  an  Agropyron  smithii  grassland  are  reported  here.   This 
vegetation  type  occupies  large  parts  of  the  North  American  Great  Plains 
(437,000  km  Kuchler  1964).   The  effects  of  large  water  supplements 
provided  in  three  seasons  (fall,  spring,  and  summer),  and  of  summer  water 
additions  of  increasing  magnitude  (0,  12,  and  25  mm/guaranteed  week)  were 
contrasted.   Response  variables  discussed  below  relate  to  phenology, 
community  composition,  community  structure,  and  production. 
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Methods 

The  study  site  was  an  essentially  pure  Agropyron  smithii  grassland 
on  the  USDA  Livestock  and  Range  Research  Station,  Miles  City,  Montana. 
USDA  Soil  Conservation  Service  Personnel  (M.  Nichols,  Miles  City,  Montana) 
described  its  soil  as  a  well  drained,  fine,  montmorillonitic  Borollic 
Camborthid  with  plentiful  free  lime  at  20  cm  and  roots  to  1.5  m.   It  was 
identified  it  as  a  Kobar  silty  clay  loam  which  developed  an  alluvium 
lying  on  simple  relief  with  2  percent  north  slope.   Normal  precipitation 
(30  year  average)  was  355  mm  (14  in)  per  year  with  an  average  of  14  mm 
monthly  in  October  through  March,  and  33  mm  in  April  through  September 
excepting  May  (53  mm)  and  June  (82  mm).   Temperatures  average  23  C  (74 
F)in  July  and  -9  C  (15  F)in  January.   More  detailed  weather  statistics 
appear  in  Weaver  (1980)  and  USDC  (1976-1979). 

Six  homogeneous  and  visually  identical  14  x  14  m  plots  (Rep  I)  were 
staked  on  half  of  the  study  area  and  six  were  staked  on  the  other  half 
(Rep  II).   Plots  were  randomly  assigned  to  treatments  to  contrast  the 
effects  of  fall  watering,  spring  watering,  and  summer  watering  (0  mm  = 
control,  minimum  of  6  mm/week,  minimum  of  12  mm/week,  and  constantly 
wet) .   The  constantly  wet  (=  wet)  plots  were  watered  with  25  mm  per  week 
to  hold  soil  water  tensions  below  two  bars;  additional  water  was  required 
to  prevent  water  stress  in  1979  and  1980.   More  detail  on  the  irrigation 
treatments  is  presented  below.   Ecosystem  responses  between  replicates 
within  a  treatment  differed  little;  data  were  therefore  averaged  across 
replicates  for  economy  in  this  presentation. 

The  14  x  14  meter  study  plots  were  divided  into  nine  1.2  m  strips  in 
which  ecosystem  responses  were  measured.   These  were  separated  by  30  cm 
paths  which  were  clearly  defined  with  stakes  and  nylon  cord  to  provide 
easy  access  while  preventing  destruction  of  experimental  material  located 
in  the  center  meter  of  the  1.2  meter  sampling  strips. 

Large  herbivores  had  to  be  excluded  from  the  site  to  allow  measure- 
ments of  production  and  to  prevent  destruction  of  equipment.   Grazing  and 
normal  management  was  therefore  simulated  by  mowing  the  site  each  October 
to  10  cm--a  normal  height  observed  in  grazed  areas  outside  the  fence 
enclosure.   The  clipped  vegetation  was  removed  from  the  plots.   This 
treatment  had  the  advantages  of  preventing  snow  accumulation  by  tall 
grass  in  the  wet  plots  (not  expected  under  normal  management) ,  preventing 
litter  accumulation  in  wetter  tall  grass  plots  (not  expected  under  normal 
management) ,  and  the  disadvantages  of  exporting  more  nutrients  -- 
especially  from  the  wet  tall  grass  plots  --  than  would  have  been  expected 
if  cattle  had  grazed  the  area.   Trampling  was  not  simulated. 

Community  composition  was  documented  by  recording  the  basal  areas  of 
major  species  at  184  permanent  points  in  strip  5  of  each  plot  during  mid- 
July.   The  presence  of  minor  species  was  recorded  in  a  14  square  meter 
plot  in  strip  eight  at  monthly  intervals  to  assure  observations  of  each 
species  at  its  most  obvious  season.   Species  present  in  the  plots  but  not 
in  strip  eight  were  separately  recorded  and  individuals  of  selected 
species  were  counted  in  strip  eight.   The  basal  area  points  were  relo- 
cated with  a  sharp  needle  lowered  through  a  seven  meter  long  frame  which 
fit  over  permanent  steel  stakes  (Fisser  and  Van  Dyne  1960).   Hits  re- 
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corded  by  species  were  summarized  into  general  categories  including 
perennial  grasses,  annual  grasses,  forbs,  litter,  and  bareground.   Basal 
area  counts  were  averaged  across  blocks,  giving  n  =  2. 

The  vertical  distribution  of  biomass  was  recorded  by  cover  repeti- 
tion for  above-ground  material  and  by  washing  roots  and  rhizomes  from 
cores  taken  from  the  0-10,  10-30,  30-50,  and  50-100  cm  soil  horizons. 
Canopy  structure  at  maximum  crop  (7  August  1980)  was  measured  by  recording 
hits  in  vertical  layers  with  a  motorized  point  frame  (100  points  at  an 
angle  of  32.5°  with  25  points  in  each  of  four  representative  positions). 
Biomass  at  that  time  was  measured  by  clipping  ten  quadrats  per  plot  and 
assigned  to  vertical  layers  by  assuming  that  the  weight  in  a  layer  was 
proportional  to  the  number  of  hits  in  the  layer  (Grieg-Smith  1964) . 
Total  biomass  in  below  ground  horizons  was  determined  by  soaking  core 
samples  in  Calgon,  washing  fine  soil  through  a  1  mm  screen,  transferring 
roots  and  sand  to  a  waterfilled  beaker,  decanting  roots  off,  drying, 
weighing,  ashing,  and  subtracting  ash  weight  from  dry  weight  to  get  a 
mineral  free  root-rhizome  weight  (Weaver  1977).   Total  biomass  was  divided 
into  rhizomes  and  roots  by  occular  estimate.   Root  estimates  were  based 
on  twelve.   Cores  (2  cm  diameter)  taken  in  June  1980  and  pooled  in  groups 
of  three. 

Irrigation  treatments  were  applied  with  Rainjet  sprinklers  on  50  cm 
risers.   Sprinkling  was  usually  done  before  7  am  to  simulate  cloudy 
conditions  associated  with  natural  rainfall  and  at  wind  speeds  less  than 
2  m/sec  to  prevent  drift  of  water  to  adjacent  plots  and  to  maximize 
uniformity  of  application.   Rectangular  water  patterns  were  overlapped  to 
get  relatively  uniform  application;  the  Christensen  uniformity  coefficient 
for  the  plots  was  66  percent  (Parr  1969).   Drop  sizes,  measured  by  the 
method  of  Mason  (1971),  averaged  1.7  to  1.8  mm.   The  Yellowstone  River,  the 
water  source  for  the  study,  is  widely  used  for  irrigation  and  had  conduc- 
tivities of  250  to  750  mmhos  (USGS  1977-1979).   Water  applications  were 
measured  with  five  wedge  gages  placed  in  strips  one,  five,  and  nine,  with 
their  orifices  at  45  cm  above  the  ground  or  at  the  top  of  the  canopy. 

Soil  water  availability  was  recorded  weekly  with  a  resistance  meter 
and  rectangular  plaster  block  sensors  (4  x  5  x  1.5  cm)  buried  at  depths 
of  10,  25,  and  75  cm.   The  blocks  were  home-cast  and  then  calibrated  by 
measuring  the  conductivities  of  a  sample  of  twenty  blocks  after  equilibrat- 
ing them  in  soils  adjusted  to  water  potentials  of  1,  2,  5,  10  and  15  bars 
in  a  pressure  membrane  apparatus  (Taylor  et  al.,  1961).   Three  water 
measurements  taken  at  the  center  of  the  third  strip  and  four  meters  in 
from  each  end  of  strip  nine  were  averaged  for  construction  of  Figure  1. 

Establishment  of  grasses  known  to  occupy  moister  parts  of  the  Great 
Plains  were  used  as  another  indicator  of  effective  soil  water  status. 
Six  sub-plots  were  planted  --  in  approximate  order  of  species  drought 
tolerance  --  with  Agropyron  dasystachyum,  Stipa  viridula ,  Andropogon 
scoparius ,  Bromus  inermis ,  Panicum  virgatum,  Andropogon  gerardii,  and 
Sorghastrum  nutans  in  each  of  three  equal  portions  of  strip  two  (three 
replicates  per  plot).   Surface  soils  were  raked  lightly,  500  seeds  per 
square  meter  were  applied  to  30  x  60  cm  subplots  and  the  soil  was  trampled. 
The  presence  of  the  species  and  flowering  were  recorded  each  summer. 
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Figure  1.   The  effect  of  irrigation  on  soil  water,  plant  phenology,  and  plant 
production  in  an  Agropyron  smithii  grassland,  1977-1979.   In  each  graph 
subgraphs  show  the  effects  of  1  mm  (control),  6  mm,  12  mm,  fall  wet  (FW) , 
spring  wet  (SW) ,  and  wet  treatments.   (A-E)  Time  scales  for  the  graphs 
between.   (B)  Soil  water  stress  at  10  cm,  25  cm,  75  cm,  and  the  wettest  of 
these  horizons.   Water  stresses  are  indicated  by  clear  (=  0-2  bars),  stippled 
(=  2-5  bars),  hatched  (=  5-15  bars)  and  black  (=  over  15  bars).   (C) 
Phenology  is  presented  as  a  percentage  of  maximum  capacitance  meter  reading. 
Full  scale  is  100  percent.   (D)  Season  on  production  is  shown  by  graphing 
standing  crop  as  a  percentage  of  maximum  standing  crop.   Full  scale  is  100 
percent.   to  calculate  actual  standing  crops  multiply  by  the  maximum  crop 
presented  in  table  5. 
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Three  aspects  of  phenology  were  observed:   greenness,  growth,  and 
flowering.   Of  the  several  types  of  measurements  attempted,  capacitance 
meter  readings  (10/week)  taken  at  permanently  marked  points  in  strip 
eight,  provided  the  most  objective  measure  of  the  quantity  of  active 
(green)  plant  material  present.   Increase  in  standing  crop  (growth) 
provided  a  similar  measure  of  vegetative  activity.   Both  data  sets  were 
expressed  (Figure  1)  as  a  percent  of  the  maximum  on  that  plot  to  facili- 
tate comparisons  of  phenology  between  treatments.   Flowering  activity  was 
recorded  weekly  in  1977  and  1979  by  noting  plants  in  flower  in  strip 
eight  and  in  the  entire  plot. 

Standing  crop  was  measured  monthly  by  clipping  ten  30  x  60  cm  quadrats 
at  ground  level,  separating  forbs  and  grass,  drying  to  constant  weight, 
and  weighing.   On  each  clip  date,  one  quadrat  from  each  of  five  strips 
(1,  3,  5,  7,  and  9)  in  each  replicate  was  clipped  at  ground  level.   The 
quadrats  were  randomly  prelocated  within  each  strip;  each  clip  strip  was 
divided  into  six  blocks  containing  all  the  quadrats  for  a  given  year 
(1977-1982)  and  quadrats  were  assigned  random  positions  in  these  blocks. 
The  layout  prevented  clipping  of  a  quadrat  within  30  cm  of  another. 
Because  they  were  rarely  significantly  different,  data  were  pooled  across 
replications  to  provide  a  sample  size  of  ten.   Production  is  estimated 
here  as  maximum  standing  crop  per  year.   This  estimate  is  minimal  (Singh 
et  al.,  1975)  because  groups  of  plants  mature  before  or  after  maximum 
standing  crop  and  because  significant  numbers  of  leaves  and  culms  are 
transferred  to  the  litter  layer  resulting  in  progressively  larger  under- 
estimates of  production  as  the  season  progresses.  The  phenological  effect 
is  small  in  this  ecosystem  because  the  stands  are  essentially  pure.   An 
analysis  of  leaf  dynamics  is  underway  and  will  be  presented  in  another 
paper. 

Nitrogen  and  phosphorus  contents  of  the  forage  produced  are  important 
determinants  of  its  quality.   Therefore  all  material  clipped  in  1979  was 
ground,  mixed,  and  samples  were  analyzed  by  the  Montana  State  University 
Soil  Testing  Laboratory.   Nitrogen  contents  were  determined  by  the  micro- 
Kjehldahl  method.  Phosphorus  was  determined  spectrophotometrically  after 
dry  ashing  (550  C  for  four  hr)  and  suspension  in  dilute  HC1  with  ammonium 
molybdate  (Black  1965).   Protein  content  is  approximately  6.25  x  nitrogen 
content. 

The  fraction  of  total  aboveground  yield  devoted  to  sexual  reproduc- 
tion was  estimated  separately.   The  number  of  culms  were  counted  in  a  14 
square  meter  subplot,  strip  eight,  during  August  of  1977,  1978,  and  1979. 
Culm  characteristics  were  determined  from  a  sample  of  culms  collected  at 
50  cm  intervals  along  strip  eight  in  1979  .   The  culms  were  pressed  in 
the  field  for  later  study  and  after  appropriate  dissections  and  measure- 
ment, averages  were  calculated  for  culm  height,  spikelet  number  per  culm, 
total  spikelet  weight,  total  culm  weight  (including  spikelets),  and 
floret  weight.  The  product  of  culm  number  and  total  culm  weight  provided 
a  maximal  estimate  of  resources  devoted  to  sexual  reproduction;  a  minimal 
estimate  was  made  by  multiplying  culm  number  by  average  spikelet  weight 
per  culm.   The  number  of  seeds  produced  was  estimated  by  dividing  the 
spikelet  production  by  the  weight  of  the  average  floret.   Analyses  of 
seed  viability  are  planned. 
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Results  and  Discussion 

Irrigation  treatments 

Six  irrigation  treatments  were  used  to  represent  possible  modifica- 
tions of  natural  rainfall  regimes  by  either  irrigation,  cloud  seeding,  or 
climatic  change:   0,  6  mm,  12  mm,  fall  wet,  spring  wet,  and  constantly 
wet.   The  effects  of  increasing  summer  additions  were  determined  by 
contrasting  ecosystem  responses  in  unwatered  control  plots  (0  mm) ,  plots 
guaranteed  6  mm  per  week  (i.e.,  supplemented  to  6  mm  in  weeks  when  less 
rain  fell),  plots  guaranteed  12  mm  per  week,  and  plots  given  25  mm  per 
week  regardless  of  natural  rainfall  (wet  plots). 

The  effects  of  adding  water  at  different  seasons  were  determined  by 
comparing  ecosystem  response  in  unwatered  control  plots  (0  mm) ,  plots  in 
which  the  soil  profile  was  filled  to  75  cm  over  a  short  period  in  the 
preceeding  September  (fall  wet),  plots  whose  soil  reservoirs  were  filled 
to  75  cm  by  a  series  of  weekly  25  mm  irrigations  in  May  through  June 
(spring  wet) ,  and  plots  given  at  least  25  mm  of  water  weekly  in  May 
through  September  to  prevent  the  appearance  of  soil  water  tensions  greater 
than  2  bars  (wet  plots). 

The  actual  amount  of  water  added  to  each  treatment  plot  is  sum- 
marized in  Table  1.   The  reader  will  note:   (1)  that  water  added  in  the 
fall  of  any  year  (e.g.,  1977)  will  be  used  in  the  following  year  (e.g., 
1978)  so  the  fall  wet  treatment  served  as  a  second  control  in  the  spring 
and  summer  of  1977;  (2)  that  additions  of  water  to  the  12  mm  plot  were 
few  and  small  in  1977  because  this  plot  was  originally  intended  to  be 
used  to  contrast  the  effects  of  guaranteeing  6  mm/week  and  12  mm/ 
fortnight;  and  (3)  that  average  additions  in  the  6  and  12  mm  treatments 
are  less  than  6  or  12  mm  because  natural  rainfall  is  supplemented  to  the 
specified  level. 

Soil  water  regimes 

Soil  water  serves  both  as  a  response  variable  and  as  a  factor  because: 
(1)  it  responds  to  the  artificial  irrigations;  (2)  it  is  the  factor  which 
differs  among  treatment  plots  and  controls  the  plant  and  community  responses 
discussed  below;  and  (3)  it  is  the  reference  factor  for  relating  the 
following  studies  to  discussions  of  irrigation,  cloud  seeding,  or  climatic 
change. 

On  the  unwatered  control  plots,  water  was  available  in  the  spring  of 
all  years;  summer  rainshowers  caused  fluctuations  in  soil  water  stored 
above  10  cm;  and  water  stored  in  the  top  75  cm  of  the  soil  was  exhausted 
by  late  summer  (Figure  1).   In  dry  1977,  the  soil  profile  dried  to  75  cm 
by  mid- June;  surface  layers  were  moistened  in  June,  August,  and  September 
and  the  soil  was  rewetted  to  25  cm  by  mid-October.   In  moist  1978,  the 
profile  did  not  dry  to  75  cm  until  mid-August,  showed  some  surface  water 
dynamics,  and  was  then  rewetted  to  25  cm  by  mid-September.   In  dry  1979, 
spring  precipitation  failed  to  fill  deep  layers  so  the  soil  dried  to  75 
cm  by  late- June;  showers  rewetted  surface  layers  in  early  August,  but 
fall  rains  were  insufficient  to  rewet  the  soil  profile. 
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Table  1.   Water  (mm)  added  to  experimental  plots  in  1977-1979.   Parenthetic 
numbers  specify  the  number  of  irrigation  events. 

Treatment    0  mm     6  mm 12  mm      Fall  Wet    Spring  Wet Wet 


1977 

0  (0) 

24  (  7) 

15  (  2)1 

163  (3)2 

273  (9) 

508  (25) 

1978 

0  (0) 

17  (  4) 

56  (  8) 

166  (6) 

59  (2) 

346  (11) 

1979 

0  (0) 

21  (10) 

121  (11) 

161  (8) 

108  (4) 

318  (13) 

12  mm  per  fortnight  rather  than  12  mm  per  week  was  guaranteed  in  1977. 

2 

fall  water  was  added  at  the  end  of  the  growing  season  and  was  therefore  used 

in  the  following  season. 
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Light  summer  irrigations  (or  natural  showers)  had  only  slight  effects 
on  soil  water  availability  at  10  cm  and  little  or  no  effect  at  greater 
depths  (Figure  1).   Soil  water  available  at  a  depth  of  10  cm  in  the  6  mm 
plots  was  less  in  as  many  cases  as  it  was  greater  than  in  the  control 
plots.   In  the  12mm  plots,  more  soil  water  was  available  at  10  cm  than  in 
the  control  plots.   The  failure  of  light  showers  to  penetrate  to  a  soil 
depth  of  10  cm  is  not  surprising  --  especially  in  dry  soil  seasons  -- 
since  the  water  holding  capacity  of  the  0  to  10  cm  layer  exceeds  2  cm. 
Water  held  in  the  top  few  centimeters  of  the  soil  may  be  of  little  value 
to  plants  because  there  are  relatively  few  roots  in  this  layer  (Weaver 
1981)  and  because  surface  water  is  very  susceptible  to  evaporation.   The 
deeper  soil  layers  appear  to  dry  sooner  (cf  1978)  in  irrigated  plots  than 
in  control  plots.   If  this  difference  is  significant,  it  must  be  due  to 
greater  evapotranspiration  caused  by  an  increase  in  production  of  more 
leaf  surface  on  the  wetter  plots. 

Heavy  summer  irrigations  (25  mm/week)  were  sufficient  to  eliminate 
water  stress  in  the  summer  of  1977  and  1978  but  were  insufficient  to 
completely  prevent  water  stress  in  1979  when  water  stores  in  the  soil 
profile  were  exhausted.  Even  weekly  waterings  permitted  soil  water 
stresses  to  reach  eight  bars  on  two  occasions  (Figure  1).   The  difference 
in  water  loss  rates  between  1977  and  1979  was  due  to  the  increase  in 
standing  crop  (leaf  surface)  described  below. 

Fall  watering  preceding  1978  and  1979  postponed  the  appearance  of 
water  stress  of  5  bars  at  a  depth  of  25  cm  by  about  two  weeks  while  soils 
at  a  depth  of  75  cm  dried  over  a  month  later  than  in  the  control  plots. 
This  occurred  despite  the  large  increases  in  transpiring  surface  in  these 
plots.   Fall  watering  apparently  retarded  drying  of  surface  soils  in  wet 
1978  but  not  in  dry  1979. 

Spring  watering  postponed  the  appearance  of  water  stresses  of  15 
bars  at  25  cm  by  seven  weeks,  two  weeks,  and  three  weeks  in  1977,  1978, 
and  1979,  respectively.   The  postponement  was  larger  in  1977  because  the 
transpiring  surface  was  low  since  plant  densities  and  biomasses  were  less 
in  1977  than  in  1978  and  1979.   Similarly,  the  low  plant  densities  in  the 
fall  wet  plots  in  1977  probably  explain  why  those  plots  failed  to  dry  as 
fast  as  the  spring  wet  plots.   The  spring  and  fall  wet  plots  dried  almost 
simutaneously  in  1979. 

Water  indicator  species 

Though  soil  water  records  provide  the  most  complete  record  on  effects 
of  the  treatments  on  the  plant  environment,  the  performance  of  native 
plants  may  be  better  indicators  of  the  relationship  of  the  treatments  to 
climates  of  the  Great  Plains  (Table  2).   The  summer  wet  plots  appeared  to 
have  effective  water  levels  at  least  as  great  as  the  eastern  Dakotas 
since  Sorghastrum  nutans ,  Panicum  virgatum,  Andropogon  gerardii  and 
Andropogon  scoparius ,  tall  grass  indicators  of  eastern  plains  vegetation 
(Type  74,  Kuchler  1964),   have  established  and  are  reproducing  in  the  wet 
plots.   The  spring  wet  plots  appear  to  have  effective  water  availabili- 
ties which  are  lower  than  those  of  the  central  Dakotas  (Type  67,  Kuchler 
1964)since,  although  these  grasses  have  apparently  established  in  competi- 
tion with  Agropyron  smithii ,  none  of  them,  not  even  Andropogon  scoparius , 
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Table  2.   Performance  of  introduced  grasses  under  spring  wet  and  summer  wet 
treatments . 

1 


Grass 

2 
ase 

ANSC 

PAVI 

ANGE 

SONU 

Respo: 

veg 

repro 

veg 

repro 

veg 

repro 

veg 

repro 

1977 

wet 

100 



100 

_  _ 

100 

_  _ 

100 



SW 

100 

-- 

100 

-- 

100 

-- 

100 

-- 

1978 

wet 

100 

33 

100 

0 

100 

0 

100 

50 

SW 

100 

-- 

100 

-- 

100 

-- 

100 

-- 

1979 

wet 

100 

100 

67 

83 

83 

67 

67 

67 

SW 

83 

— 

83 

—  — 

0 

— 

33 

— 

grasses  seeded  were 

Andropogoi 

n  scoparius 

(ANSC),  Panicum 

virgatum  (PAVI), 

Andropogon 

gerardii 

(ANGE) 

and  Sorgh 

.astrum  nutans  (SONTJ)  . 

percentage  of  six  plots  exhibiting  vegetative  or  reproductive  growth. 
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are  producing  seed.   The  fact  that  none  of  the  tall  grass  species  became 
established  in  the  0,  6  mm,  or  12  mm,  or  fall  wet  plots  indicates  that, 
while  equivalent  climatic  shifts  would  probably  increase  forage  produc- 
tion, they  are  not  likely  to  induce  shifts  from  the  present  vegetation 
type  (Type  66,  Kuchler  1964). 

Composition 

Perennial  grasses,  annual  grasses,  and  forbs  comprise  50-80  percent, 
20-40  percent,  and  0-15  percent,  respectively,  of  the  living  plant  basal 
area  of  unwatered  (control)  vegetation,  depending  on  the  year  (Table  3). 
Annual  grasses  may  be  increasing  due  to  the  modification  of  the  site, 
perhaps  by  autumn  mowing  or  removal  of  light  grazing.   Forbs  provided  the 
greatest  contribution  to  basal  area  cover  (15  percent  of  all  plants)  and 
to  maximum  above  ground  standing  crop  biomass  (17  percent)  in  wet  1978. 
Agropyron  smithii,  the  dominant  plant,  comprises  64  percent  of  plant 
basal  area.   Other  perennial  grasses  comprise  3  percent  of  basal  area  and 
include  Stipa  viridula ,  Stipa  comata ,  Sporobolus  cryptanthus ,  and  Agropyron 
cristatum.   Annual  grasses,  principally  Bromus  japonicus ,  provide  25 
percent  of  the  plant  basal  area. 

Total  vegetation  cover  was  unaffected  by  summer  irrigations  of  6  or 
12  mm/week  but  was  doubled  by  irrigations  of  25  mm  per  week  (Table  3). 
Basal  area  cover  in  spring  wet  and  wet  plots  increased  during  the  first 
and  second  years  but  failed  to  increase  in  the  third  year.   These  data 
suggest  the  achievement  of  an  equilibrium  condition  determined  by  the 
level  of  water  availability  and  community  composition.   Introduction  of 
taller  species,  such  as  Andropogon  geradii ,  would  probably  result  in 
greater  productivity,  leaf  area  index,  and  basal  area.   Most  of  the 
increase  in  cover  observed  was  due  to  an  increase  in  the  perennial  grass, 
Agropyron  smithii .   Forbs  comprised  only  2  percent  of  the  basal  area  and 
3  to  5  percent  of  standing  crop  in  the  25  mm  plots  during  1979. 

Total  plant  cover  was  increased  half  as  much  by  watering  25  mm/week 
in  spring  (May- June)  as  by  irrigating  25  mm/week  throughout  the  May-August 
period.   Most  of  the  increase  was  due  to  increased  perennial  grass  growth 
(Table  3). 

Fall  watering  resulted  in  larger  (80  percent  of  the  25  mm  response) 
plant  basal  area  increases  than  the  spring  wet  treatment  (Table  3). 
Community  response  to  fall  watering  differs  from  that  of  spring  and 
summer  watering  in  that  the  increases  are  due  to  annual  grasses  (  Bromus 
japonicus  and  B^  tectorum)  as  well  as  to  perennial  grasses  (Agropyron 
smithii) .   The  increase  in  annual  grasses  probably  occured  because  these 
grasses  can  establish  in  the  fall  and  can  grow  during  fall  and  spring 
seasons  which  are  too  cool  for  perennial  grasses. 

The  species  composition  of  irrigated  plots  has  diverged  little  from 
control  plots.   The  average  number  of  species  recorded  in  1977-1979  was 
nine  plants  in  all  treatments  except  the  6  mm  per  week  (11)  and  the 
cumulative  species  lists  range  from  20  to  24  except  in  the  fall  wet  plots 
(17).   An  appearance  of  divergence  in  species  composition  is  created  by 
the  relatively  great  vigor  on  the  wet  plots  of  some  plants  such  as 
Melilotos  officinale,  Euphorbia  marginata  and  Helianthus  annus. 
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Table  3.   Canopy  composition  (percent  basal  cover)  of  plant  groups  in  an 

Agropyron  smithii  grassland  receiving  six  irrigation  treatments. 
Means  and  standard  errors  are  given.   N  =  2  with  each  datum 
representing  184  points. 

TREATMENT     0  mm       6  mm       12  mm         FW         SW         Wet 

Total  Vegetation 


1977 

6.5  ±  0.5 

4.5  ±  0.5 

7.5  ±  1.5 

6.5  ±  0.5 

9.5  ±  0.5 

8.5  ±  0.5 

1978 

10.0  ±  3.0 

7.5  ±  2.5 

7.5  ±  2.5 

9.5  ±  1.5 

15.0  ±  0.0 

20.0  ±  1.0 

1979 

11.0  ±  3.0 

8.0  ±  2.0 

10.0  ±  3.0 

18.0  ±  1.0 

14.5  ±  3.5 

20.5  ±  2.5 

Perennial  Grass 


1977 

5.5  ±  0.5 

4.0  ±  0.0 

6.0  ±  2.0 

4.5  ±  0.5 

7.5  ±  0.5 

1978 

7.0  ±  2.0 

7.0  ±  3.0 

6.0  ±  2.0 

5.5  ±  0.5 

14.5  ±  0.5 

1979 

6.0  ±  1.0 

4.5  ±  2.5 

7.5  ±  3.5 

12.0  ±  1.0 

12.5  ±  1.5 

7.0  ±  1.0 
19.0  ±  0.0 
17.5  ±  1.5 


Annual  Grass 


1977 

1.0  ±  0.0 

0.5  ±  0.5 

0.5  ±  0.5 

2.0  ±  0.0 

2.0  ±  1.0 

1.0  ±  1.0 

1978 

1.5  ±  1.5 

0.0  ±  0.0 

0.5  ±  0.5 

3.5  ±  1.5 

0.0  ±  0.0 

0.0  ±  0.0 

1979 

4.5  ±  3.5 

3.5  ±  0.5 

2.0  ±  1.0 

5.5  ±  0.5 

1.5  ±  1.5 

1.0  ±  0.0 
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The  failure  of  taller  grasses  and  broadleaved  plants  to  increase 
with  increased  watering  must  be  due  to  insufficient  time  for  invasion 
(succession).   It  is  well  known  that  short  grasses  are  replaced  by  taller 
grasses,  and  finally  trees  as  one  follows  the  20°C  isotherm  eastward  into 
higher  rainfall  areas  of  the  Dakotas,  Minnesota,  Wisconsin,  and  Michigan 
(Kuchler  1964),  and  that  the  forb  content  of  grasslands  tends  to  increase 
as  water  availability  increases  (e.g.,  Walter  1973,  Daubenmire  1970). 

While  we  doubt  that  rainfall  supplements  will  cause  an  annual  or 
biennial  weed  problem  because  added  water  closes  stands  and  increases 
competition,  we  do  expect  undesirable  perennials  with  larger  stature  than 
native  grasses  to  pose  a  weed  problem.   Annual  brome  grasses  (Bromus 
tectorum  and  B.  japonicus) ,  for  example,  compete  poorly  with  Agropyron 
smithii ;  in  1979  fruiting  specimens  were  numerous  in  all  except  the 
spring  wet  and  wet  treatments  where  they  were  very  rare.   The  common 
biennial  Tragopogon  dubius  declined  as  water  increased  and  the  Agropyron 
stand  thickened;  in  1979,  for  example,  densities  were  7,  5,  4,  4,  2  and 
0.4  individuals  per  square  meter  in  control  through  increasingly  wet 
plots,  respectively.   Similarly  Melilotus  officinale,  a  biennial  clover, 
which  became  important  in  one  of  the  wet  plots  in  1978  has  declined  in 
1979  and  1980.   Cirsium  arvense  became  established  in  one  of  the  wet 
plots  in  1980.   We  expect  this  coarse  thistle  to  eventually  dominate  the 
plot  as  it  did  in  a  heavily  irrigated  Bouteloua  gracilis  plot  in  Colorado 
(Lauenroth  et  al.,  1978).   That  is,  if  it  is  not  checked  by  herbicides,  a 
disease  or  herbivore,  or  invasion  and  competition  of  a  taller  grass  such 
as  those  that  control  it  in  midwestern  prairies. 

Community  structure 

Because  the  community  is  heavily  dominated  by  Agropyron  smithii ,  its 
structure  is  tightly  related  to  carbon  allocation  in  this  species.  The 
changes  in  vegetation  structure  due  to  watering  include  increased  density 
(described  above)  and  a  vertical  redistribution  of  biomass  illustrated 
with  1980  data  (Fig.  2  and  Table  4).   The  droughty  conditions  of  1980 
emphasize,  but  do  not  misrepresent,  between  treatment  differences  in 
aboveground  biomass  (Table  5)  and  structure. 

The  height  of  flowering  culms  of  Agropyron  smithii  increased  from  33 
cm  in  control  plots  to  62  cm  in  plots  given  water  supplements  of  at  least 
25  mm  per  week  (Fig.  2).   Similar  height  increases  were  recorded  in  1979 
(Table  4). 

The  highest  leaves  reached  into  the  first,  second,  third  and  fifth 
decimeters  in  the  control,  6  mm,  12  mm,  and  25  mm  plots,  respectively 
(Figure  2) .   Increases  in  aboveground  biomasses  with  increased  water  are 
discussed  below.   Photosynthetic  surface  was  concentrated  in  the  lower 
layers  of  the  canopy  except  in  the  wet  treatment  where  it  rose  above  the 
ground  surface  as  it  does  in  shrub  and  forest  communities  of  moister 
regions . 

Rhizomes,  concentrated  in  the  0-10  cm  layer,  increased  with  increased 
water  availability  from  327,  to  311,  to  490,  to  556  gm/m  in  0  mm,  6  mm, 
12  mm,  and  25  mm  plots  treatments,  respectively  (Figure  2,  Table  4).   In 
doing  so  they  maintained  a  nearly  constant  proportion  of  21-33  percent  of 
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TREATMENT  Omm      6mm       12mm      FW 

lOOr 


HEIGHT  cm 

50 

0 

DEPTH  cm 

50 

100 

MASS   gm/m  100   050505050505 


Figure  2.   Distribution  of  biomass  at  maximum  standing  crop  in  Agropyron 
smithii  ecosystems  receiving  different  irrigation  treatments:  0,  6  mm,  12  mm, 
fall  wet,  spring  wet,  and  wet.   Pluses  indicate  the  height  of  average 
flowering  culm.   Bar  length  indicates  the  biomass  present  in  ten  centimeter 
increments  above  and  below  ground  surface  (0  cm) ;  standard  errors  are 
indicated  by  ticks  attached  to  each  bar.   Shaded  portions  of  the  bars 
represent  leaves  and  stems  or  roots,  while  clear  bar  portions  represent 
rhizomes . 
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Table  4.   Structural  response  of  Agropyron  smithii  vegetation  to  supplemental 
water,  1980.   Means  and  standard  errors  are  presented. 


Treatments 


0 


12 


FW 


SW 


Wet 


CULM  HEIGHT  (cm),  August 


1979 
1980 


33  ±  1 


32  ±  2 

43  ±  1 

62  ±  1 

55  ±  1 

62  ±  1 

31 

39  ±  3 

55  ±  3 

43  ±  3 

59  ±  2 

ABOVE  GROUND  STANDING  CROP  (gm/m  ) ,  August 


1980 


39  ±  6 


69  ±  10     114  ±  9 


227  ±  23     317  ±  40 


718  ±  90 


ABOVE  GROUND  BIOMASS  DISTRIBUTION  ,  (hits/ 100  probes,  August) 


0-10 

11  ±  3 

17  ±  3 

33  ±  5 

58  ±  5 

50  ±  23 

15  ±  6 

10-20 

1  ±  1 

2  ±  1 

11  ±  4 

32  ±  6 

37  ±  5 

40  ±  7 

20-30 

2  ±  1 

8  ±  4 

23  ±  7 

62  ±  3 

30-40 

23  ±  0 

40-50 

4  ±  1 

Total 

12  ±  3 

19  ±  4 

46  ±  6 

98  ±  8 

110  ±  7 

142  ±  9 

ROOTS  AND  RHIZOMES3  (gm/m2,  May) 


0-10 

385  ±  39 

366  ±  77 

577  ±  77 

577  ±  77 

539  ±  115 

654  ±  77 

10-30 

443  ±  89 

477  ±  20 

497  ±  7 

313  ±  27 

464  ±  14 

375  ±  41 

30-50 

297  ±  37 

345  ±  24 

370  ±  55 

218  ±  18 

328  ±  36 

230  ±  30 

50-100 

558  ±  419 

419  ±  55 

661  ±  55 

376  ±  67 

576  ±  52 

388  ±  67 

Total 

1683  ±  155 

1607  ±  100 

2105  ±  110 

1487  ±  107 

1907  ±  132 

1647  ±  114 

ROOTS4 (gm/m2,  May) 


0-10 

10-30 

30-50 

50-100 

Total 


58  ±  6 

376  ±  75 

283  ±  35 

532  ±  110 

1323  ±  185 


55  ±  12 

404  ±  17 

329  ±  23 

399  ±  52 

1184  ±  98 


87  ±  12 

422  ±  6 

352  ±  52 

630  ±  52 

1490  ±  35 


87 
266 
208 
358 
919 


12 
23 
17 
64 
58 


81 

393 

312 

549 

1328 


17 
12 
35 
50 
69 


98  ±  12 

318  ±  35 

220  ±  29 

370  ±  64 

1005  ±  81 


BIOMASS  ALLOCATION^ 


%  Shoot 

2 

4 

5 

13 

14 

30 

%  Rhizome 

21 

25 

28 

33 

26 

28 

%  Root. 
Rt/sht 

77 

71 

67 

54 

60 

42 

38.5 

17.8 

13.4 

4.1 

4.3 

1.4 

1  Year 

2  Horizons 

above 

ground 

surface. 

3  Horizons 

below 

ground 

surface  in  cm. 

Total  coarse 

organic  matter. 

4  Horizons 

below 

ground 

surface  in  cm. 

Total  coarse 

orgai 

lie  matter  x 

estimated 

% 

root 

5  Weight  of  component/sum  of  shoot,  rhizome,  and 

root. 

6  Quantity 

of  root  supporting  a  unit  of 

shoot,  i. 

e.  , 

root 

shoot  ratio. 
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total  biomass. 

Total  root  biomasses  exceeded  those  presented  in  Figure  2  and  Table 
4,  because  some  small  roots  extend  to  1.5  meters.   However,  since  root 
biomasses  decline  exponentially  with  depth,  the  root  data  are  a  reason- 
able measure  and  a  good  index  of  root  response  to  water  treatment. 

On  all  treatments  root  biomass  was  highest  in  a  layer  near  the  soil 
surface  and  declined  exponentially  from  that  horizon  both  upward  and 
downward  (Figure  2).   The  exponential  decline  downward  has  been  observed 
in  many  vegetation  types  (e.g.,  Weaver  1977)  and  may  be  due  to  lack  of 
resources  such  as  water  or  oxygen  and/or  to  selection  against  plants  that 
expend  energy  transporting  materials  to  unecessarily  deep  storage  depots. 
The  exponential  decline  toward  the  soil  surface  has  also  been  described 
in  several  vegetation  types  and  may  be  due  to  such  harsh  conditions  in 
upper  soil  layers  as  heat,  drought,  grazing,  or  trampling(Weaver  1981). 

Water  also  had  little  effect  on  total  root  biomasses  (Table  4) . 
However,  roots  in  the  0-10  cm  horizon  increased  from  380  to  580  to  650 
gm/m  as  moisture  increases  from  the  control  to  12  mm  to  25  mm  plots. 
Root  biomasses  also  increased  in  the  10-100  cm  layer  of  the  0  mm  to  12  mm 
plots,  but  declined  in  the  25  mm  plots.  The  decline  in  wet  plot  root 
biomass  could  be  due  to  acquisition  of  adequate  water  from  surface  horizons 
or  to  lack  of  oxygen  at  depth.   Root  biomasses  required  to  support  a  unit 
of  above  ground  vegetation  (root:  shoot  ratio)  declined  significantly 
with  increased  water  availability.   These  ratios  were  34,  17,  13,  4,4, 
and  1.4  in  the  0,6  mm,  12  mm,  fall  wet,  spring  wet,  and  25  mm  plot  treat- 
ments, respectively.   Such  changes  in  allocation  of  photosynthates  make  a 
relatively  large  proportion  of  plant  production  available  to  aboveground 
herbivores . 

Fall  wet  and  spring  wet  treatments  may  be  compared  to  the  12  mm 
treatment  which  received  the  most  similar  quantity  of  water.   Culms  were 
higher,  especially  after  fall  watering.   Aboveground  vegetation  attained 
a  similar  height  with  these  treatments  suggesting  that,  despite  increases 
in  quantity  there  was  little  shading  near  the^ground  surface  (Figure  2). 
Rhizome  quantities  were  similar  (460-490  gm/m  ).   Distribution  and  quanti- 
ties of  roots  are  similar  in  the  12  mm  and  spring  wet  treatments  but 
probably  less  (p  less  than  0.01)  under  the  fall  wet  treatment;  the  differ- 
ence may  account  for  the  relatively  slow  consumption  of  water  by  plants 
under  this  treatment. 

Observations  of  carbon  allocation  in  Agropyron  smithii  suggest  the 
following  integrative  hypotheses:   (1)   The  non-photosynthetic  stems 
(e.g.,  rhizomes  and  culm  bases)  of  any  species  form  a  "plant  core"  of 
essentially  constant  proportion.   (2)   The  remaining  resources  are  allo- 
cated to  maximize  production,  with  the  proportion  devoted  to  roots  being 
the  smallest  amount  which  is  adequate  to  provide  resources  for  the  canopy. 
A  high  root-canopy  ratio  might  evolve  in  response  to  a  scarcity  of  either 
water  or  nutrients.   The  decline  in  root-canopy  ratio  with  irrigation 
that  we  observed  is  consistent  with  our  belief  that  water  is  the  dominant 
limiting  factor  in  our  ecosystem.   (3)   The   size  of  the  plant  core 
varies  among  species  according  to  the  need  for  insurance  (i.e.,  according 
to  the  probability  of  catastrophe).   Annual  plants  have  little  core 
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because  their  seeds  provide  an  effective  stress  avoidance  strategy. 
Perennial  grasses  have  core  sizes  proportional  to  the  danger  of  fire, 
heavy  grazing,  or  drought.   Trees  have  very  large  cores  because  without  our 
trunks,  the  probability  of  being  shaded  out  would  be  high. 

Ecosystem  Phenology  and  Growth 

Plants  tended  to  stay  green  --  and  perhaps  photosynthetically  active  -- 
longer  in  plots  with  added  water.   Capacitance  meter  readings  (relative 
to  the  maximum  of  that  plot,  Figure  1)  declined  with  season  as  soils 
dried  in  control  plots.   This  decline  may  have  been  less  in  the  6  mm 
plots  (see  especially  1979)  and  was  certainly  less  in  the  12  mm  (1978-1979) 
and  25  mm  (1977-1979)  plots.   Maintenance  of  green  color  in  the  6mm  and 
12  mm  plots  must  have  been  due  largely  to  water  residing  in  the  0-10  cm 
soil  layer  since  little  water  reached  plaster  blocks  at  10  cm.   The 
effects  of  fall  water  apparently  lasted  throughout  the  moist  1978  season, 
but  capacitance  meter  readings  fell  sharply  as  soil  water  was  exhausted 
in  August  1979.   No  fall  watering  preceded  the  summer  of  1977  so  capaci- 
tance readings  paralleled  those  made  in  control  plots.   The  spring  wet 
plots,  like  the  fall  wet  plots,  browned  as  water  was  exhausted  in  August 
of  1977,  1978,  and  1979.   This  was  most  extreme  in  1979  when  rainfall  was 
low  and  plant  densities  high,  less  extreme  in  1977  when  rainfall  was  low 
and  plant  densities  low,  and  least  extreme  in  1978  when  rainfall  was 
high. 

Because  watering  extended  the  green  leaf  season,  it  is  also  expected 
to  extend  the  growing  season.   Though  this  is  generally  true,  standing 
crop  dynamics  (Figure  1)  suggest  that  growth  will  cease  in  August  even  if 
water  is  available.   First,  in  wet  1978,  maximum  standing  crops  appeared 
in  late  July  --  before  water  stresses  appeared  --  regardless  of  water 
treatment.   While  growth  may  have  been  halted  by  increasing  drought 
stress  in  drier  treatments,  the  failure  of  growth  to  continue  in  the 
spring  wet,  fall  wet,  and  wet  treatments  suggests  that  other  factors  -- 
perhaps  daylength  or  nutrient  availability  --  may  have  been  limiting. 
Second,  in  relatively  dry  1977,  maximum  standing  crops  appeared  in  August 
on  wetter  plots  (spring  wet  and  wet  plots).  The  cessation  of  growth  in 
late  June  on  plots  receiving  no  water  (0  mm  and  fall  wet)  or  light  showers 
(6  mm  and  12  mm)   was  probably  due  to  drought  stress  since  exhaustion  of 
water  and  browning  of  vegetation  (Figure  1)  occurred  in  the  dry  plots  at 
this  time.  Third,  in  relatively  dry  1979,  maximum  standing  crop  appeared 
in  late  July  in  the  12  mm,  fall  wet,  and  spring  wet  treatments.   It 
appeared  earlier  (June)  in  0  and  6  mm  treatments  when  water  was  exhausted. 
Maximum  standing  crop  was  recorded  in  September  under  the  wet  treatment 
so  growth  in  that  treatment  was  either  not  halted  by  late-July  conditions  -■ 
as  it  was  in  1977,  1978,  and  1980  --  or  it  was  re-stimulated  by  the  mild 
drought  shock  of  mid-August.   Note  that  although  the  approach  to  maximum 
standing  crop  was  little  affected  by  12  mm,  fall  wet,  or  spring  wet 
treatments,  maximum  standing  crop  was  maintained  longer  in  these  plots  -- 
presumably  due  to  less  mortality  or  to  replacement  of  material  being  lost 
by  death.   Note  also  that  achievement  of  maximum  standing  crop  was  not 
postponed  relative  to  the  control  on  spring  wet  plots  in  1979  as  it  was 
in  1977;  in  June  of  1979  water  stresses  appeared,  the  plants  began  to 
brown,  and  growth  ceased,  presumably  because  thicker  vegetation  (Table  5) 
exausted  water  supplies  more  rapidly  than  in  1977.   Fourth,  data  from 


122 


Table  5.   Yields  (at  maximum  standing  crop)  and  marginal  water  use 

efficiencies  for  supplemental  water  (yield  increase/water  added 
1  September  -  31  August) . 


Treatment 


0  mm 


6  mm 


12  mm 


FW 


SW 


Wet 


YEAR 


YIELD  (gm/m  ) 


1977 

67  ±  4 

74  ±  4 

81  ±  6 

71  ±  3 

270  ±  24 

282  ±  28 

1978 

271  ±  20 

280  ±  17 

344  ±  20 

587  ±  46 

529  ±  68 

923  ±  78 

1979 

111  ±  8 

88  ±  7 

106  ±  17 

301  ±  27 

163  ±  17 

617  ±  98 

1980 

39  ±  6 

69  ±  10 

114  ±  9 

227  ±  23 

317  ±  40 

718  ±  90 

PRODUCTION  DUE  TO  WATER  ADDED  (gm/kg) 


1977 

0.00 

0.29 

0.93 

0.00 

0.74 

0.42 

1978 

0.00 

0.53 

1.30 

1.93 

4.37 

1.88 

1979 

0.00 

-1.10 

-0.04 

1.14 

2.08 

1.59 
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very  dry  1980,  not  reported  here,  show  an  early  August  biomass  peak  in 
all  treatments. 

Flowering,  in  contrast  to  greenness,  was  little  affected  by  watering. 
We  have  no  evidence  that  the  flowering  season  of  common  grasses  was 
extended  by  water.   Bromus  japonicus,  Bromus  tectorum,  Festuca  octof lora, 
Hordeum  jubatum,  Poa  secunda,  and  Stipa  comata  finished  blooming  by  early 
July.  Agropryron  smithii  and  Buchloe  dactyloides  ceased  blooming  by  late 
July.   Bouteloua  gracilis  stopped  blooming  by  mid  August.   Development 
may  have  been  hastened  very  slightly  by  irrigation  in  Bouteloua  gracilis 
(c.f.,  Dickinson  and  Dodd  1976)  and  retarded  very  slightly  in  Agropyryron 
smithii  (c.f.,  Collins  and  Weaver  1978).   Melilotus  officinalis ,  Sphaeralcea 
coccinea,  Sporobolus  cryptanthus  and  Tragopogon  dubius  (c.f.,  Collins  and 
Weaver  1978)  continued  to  bloom  all  summer  in  the  wet  plots,  but  not  in 
the  dry  plots;  this  continued  seed  production  seems  consistent  with  the 
semi-weedy  character  of  these  species. 
Production  and  Water  use  Efficiency 

Production  will  be  related  to  total  available  water  --  for  the  sake 
of  the  ecophysiologist  --  and  to  water  added  --  for  the  sake  of  the 
irrigator  or  cloud-seeder. 

Production,  as  indexed  by  maximum  standing  crop,  increased  with 
increasing  availability  of  water  (Figure  3) .   The  increase  observed  was 
asymptotic  in  the  first  year  of  watering  (1977)  as  is  indicated  by  a  line 
(not  drawn)  through  the  four  closed  points  near  300  mm,  and  those  labeled 
SW  and  WT.   These  data  suggested  that  a  fixed  number  of  plants  in  the 
spring  wet  treatment  were  provided  with  a  near  optimal  water  supply  and 
that  those  in  the  wet  plot  were  provided  with  more  water  than  they  could 
use.   After  plant  numbers  increased  (1978-1979),  yields  increased    « 
logarithmically  with  increased  water,  from  0  to  75  to  300  to  900  gm/m  as 
annual  precipitation  increased  from  0  to  300  to  500  to  800  mm  per  year. 
These  rainfall  levels  occur  at  average  July  temperatures  of  20°C  in  a 
cool  desert,  eastern  Montana,  the  eastern  Dakotas,  and  in  the  Ohio  River 
Valley,  respectively. 

Yield  responses  to  light  showers  were  small  while  those  due  to  heavy 
watering  were  clearly  significant.   (1)  Yields  on  the  6  mm  treatment  were 
110  percent,  103  percent,  and  79  percent  of  the  control  in  1977,  1978  and 
1979  respectively,  but  the  difference  was  never  statistically  significant 
(p  greater  than  0.1).   Yields  on  the  12  mm  treatment  were  120  percent, 
127  percent,  and  95  percent  of  the  control  in  1977,  1978  and  1979  respec- 
tively and  1977-1978  differences  were  statistically  significant  (p  less 
than  0.05).   The  reader  will  remember  however,  that  relatively  little 
water  was  added  to  the  12  mm  plots  in  1977  (Table  1).   (2)  Yields  of  the 
fall  wet  and  spring  wet  treatments  were  217-195  percent  and  271-147 
percent  of  the  control  respectively  in  1978-1979  and  were  similar  and 
approximately  twice  those  of  the  12  mm  plots  receiving  comparable  quanti- 
ties of  water  (p  less  than  0.05).   No  water  was  added  in  the  fall  pre- 
ceeding  the  1977  season  so  the  yield  in  this  treatment  was  the  same  (106 
percent)  as  that  of  the  control.   The  spring  wet  plot  produced  especially 
well  in  1977  (403  percent  of  control,  p  less  than  0.01).   (3)  Yields  due 
to  addition  of  25  mm  per  week  were  421,  341,  and  556  percent  of  the 
control  in  1977-1979  respectively  (p  less  than  0.01).   The  1979  yield 
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Figure  3.   Relationship  of  Agropyron  smithii  yield  (gm/square  m/ry)  to  annual 
(September-September)  water  supplied  (one  mm  =  one  Kg/square  m) .   1977,  1978, 
and  1979  data  are  indicated  by  dots,  crosses,  and  circles,  respectively. 
Data  for  1977  spring  wet  (SW)  and  wet  (WT)  plots  are  illuminating  exceptions 
to  the  trend  (see  text) . 
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might  have  been  higher  if  the  plots  had  not  dried  (Figure  1)  in  August. 
(4)  Because  maximum  standing  crop  harvests  miss  material  falling  into  the 
litter  layer  before  maximum  standing  crop  and  material  produced  after  the 
harvest,  the  estimates  of  above  ground  yield  might  be  only  60  to  80 
percent  of  the  actual  production  (Singh  et  al.,  1975). 

The  slope  of  the  yield  response  curve  (Figure  3)  shows  that  average 
water-use  efficiency  (gm  yield/kg  of  water  available)   is  below  1  when 
precipitation  is  less  than  300  mm,  about  1  when  precipitation  is  300  to 
500  mm  (normal  rainfall  where  Agropyron  smithii  normally  dominates)  and 
about  2  when  precipitation  is  500-800  mm.   These  data  suggest  that  if 
water  available  for  irrigation  (or  dollars  available  for  acquiring  it)  is 
limited,  its  application  should  be  concentrated  in  small  areas.   The 
success  of  land  treatments  where  water  is  concentrated  locally  by  pitting 
(Valentine  1980)  or  partially  covering  with  large  stones  is  probably  due 
to  this  increase  in  water  use  efficiency;  it  may  be  compounded  in  some 
cases  by  invasion  of  more  water  efficient  species. 

Marginal  water-use  efficiencies  (gm  of  grass/kg  of  water  added, 
Table  5)  in  the  spring  wet  treatment  tend  to  be  higher  than  those  presented 
above.   Two  explanations  --  both  likely  contributing  --  are  offered. 
First,  a  larger  part  of  the  water  applied  evaporates  in  the  warm  dry 
summer  season  than  in  cool  spring-fall  seasons.   Alternatively,  as  was 
suggested  under  phenology,  photoperiod  may  limit  plant  growth  in  late 
summer  and  fall  and  thereby  reduce  the  above  ground  production  due  to 
water  applied  in  July  and  August.   To  the  extent  that  the  first  process 
contributes,  it  is  desirable  to  supplement  water  supplies  in  relatively 
cool  humid  seasons  and  at  times  when  the  soil  is  normally  moist. 

At  least  five  mechanisms  contribute  to  the  greater  efficiency  of 
water  use  under  relatively  wet  conditions  (Table  5).   They  include:   (1) 
Water  applied  in  light  showers  wets  only  the  soil  surface  and  therefore  a 
large  proportion  of  it  evaporates  without  benefit  to  the  plant.   In 
contrast,  water  applied  in  large  showers  or  in  a  series  of  closely  spaced 
light  showers  penetrates  to  relatively  deep  soil  layers  and  supports 
photosynthesis  as  it  is  being  lost  through  the  plants  (transpired).    (2) 
The  high  plant  densities  (Table  3)  and  large  leaf  surfaces  (Table  4)  of 
moister  plots  reduce  evaporation  both  by  shading  the  soil  surface  and  by 
transpiring  water  from  shallow  horizons  before  it  has  time  to  evaporate. 
(3)  Large  leaf  surfaces  make  it  possible  to  consume  all  water  available 
in  years  or  treatments  where  it  might  otherwise  go  unconsumed.   (4) 
Plants  growing  under  relatively  moist  conditions  allocate  a  smaller 
proportion  of  their  photosynthate  to  roots  than  do  plants  of  dry  sites. 
Though  this  may  not  increase  total  production  it  does  increase  aboveground 
production.   (5)  Water  will  also  be  used  more  efficiently  in  wet  years, 
like  1978,  because  a  given  amount  of  water  will  keep  stomata  open  longer 
under  lower  than  under  high  transpiration  conditions. 

Forage  Quality 

Because  it  has  been  suggested  that  increased  rainfall  might  either 
lower  or  raise  the  quality  of  range  forage  (Trlica  1977,  Perry  1976),  two 
aspects  of  quality,  nitrogen  and  phosphorus  content  were  measured  (Table 
6) .   Nitrogen  and  phosphorus  contents  of  total  above-ground  biomass 
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Table  6 


Nitrogen  and  phosphorus  contents  of  grasses  clipped  from  Agropyron 
smithii  vegetation  monthly,  1979. 


TREATMENTS   0 


6  mm 


Nitrogen  Content  (%) 
12mm  FW 


SW 


Phosphorus  Content  (%) 


WT 


May 

1.8  ±  0.1 

1.7  ±  0.0 

1.7  ±  0.3 

2.3  ±  0.2 

1.5  ±  0.0 

2.3  ±  0.3 

June 

1.5  ±  0.0 

1.4  ±  0.0 

1.5  ±  0.0 

1.9  ±  0.1 

1.7  ±  0.1 

1.9  ±  0.1 

July 

1.1  ±  0.1 

1.1  ±  0.0 

1.2  ±  0.0 

1.5  ±  0.1 

1.2  ±  0.1 

1.6  ±  0.0 

Aug. 

1.2  ±  0.1 

1.3  ±  0.1 

1.4  ±  0.1 

1.3  ±  0.1 

1.0  ±  0.1 

1.5  ±  0.1 

Oct. 

1.0  ±  0.0 

1.0  ±  0.1 

0.9  ±  0.1 

1.1  ±  0.1 

1.0  ±  0.1 

1.2  ±  0.1 

May 

0 

18  ±  0.01 

0 

19  ±  0.01 

0 

19  ±  0.03 

0 

22  ±  0.01 

0 

16 

±0.00 

0 

21 

±0.03 

June 

0 

18  ±  0.01 

0 

16  ±  0.00 

0 

20  ±  0.02 

0 

17  ±  0.00 

0 

17 

±  0.01 

0 

19 

±0.00 

July 

0 

14  ±  0.01 

0 

14  ±  0.00 

0 

15  ±  0.01 

0 

13  ±  0.00 

0 

13 

±  0.00 

0 

14 

±  0.00 

Aug. 

0 

14  ±  0.01 

0 

13  ±  0.00 

0 

14  ±  0.01 

0 

10  ±  0.00 

0 

11 

±  0.01 

0 

11 

±  0.01 

Oct. 

0 

12  ±  0.0 

0 

11  ±  0.00 

0 

11  ±  0.01 

0 

09  ±  0.00 

0 

11 

±  0.01 

0 

09 

±  0.01 
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declined  with  season  --  primarily  because  these  elements  are  exported  or 
leached  from  aging  tissues.   Nitrogen  contents  were  higher  in  the  fall 
wet  (except  August)  and  wet  plots  in  every  month  sampled.   Phosphorus 
contents  were  unaffected  by  treatment  in  all  months  except  May  when  they 
were  up  slightly  in  the  fall  wet  and  wet  plots.   Nitrogen  concentrations 
are  often  converted  to  crude  protein  by  multiplying  by  6.25. 

Seed  Production 

Additions  to  summer  moisture  increased  culm  number,  culm  weight,  and 
the  number  of  spikelets  per  culm  (Table  7)  but  apparently  had  little 
effect  on  weight  of  a  floret  (about  3mg  ±0.2  SE)  or  the  proportion  of 
the  culm  invested  in  spikelets  (20.8  percent  ±0.8  SE).   This  resulted  in 
a  slight  increase  in  reproductive  production  with  guarantees  of  6-12  mm 
per  week  and  a  tenfold  increase  as  water  guaranteed  increase  from  12  to 
25  mm  per  week.   Approximate  1978-1979  seed  numbers,  easily  calculated  by 
dividing  spikelet  yields  by  floret  weight,  paralleled  production  figures 
with  averages  of  181,  208,  470,  and  8444  seeds  per  square  meter  in  control, 
6  mm,  12  mm,  and  25  mm  treatments,  respectively.   Similarly,  the  proportion 
of  above-ground  production  allocated  to  reproduction  increased  more 
rapidly  than  did  water  additions;  reproductive  effort  average  0.32,  0.29, 
0.68,  and  3.08  percent  in  the  control,  6  mm,  12  mm,  and  25  mm  treatments. 

2 
Reproductive  production  in  the  spring  wet  treatment  £2200  seeds/m  ) 

was  greater  than  that  of  the  12  mm  treatment  (470  seeds/m  )  but9less  than 

either  the  fall  wet  (6500  seeds/m  )  or  summer  wet  (8400  seeds/m  )  treatments 

Relative  reproductive  effort  was  even  greater  in  the  fall  wet  (4.8  percent) 

than  in  the  summer  wet  (3.1  percent)  treatment. 

Maximum  seed  production  apparently  depends  on  initiation  by  fall 
rains  followed  by  a  reasonable  supply  of  water  for  development  in  the 
following  spring.   The  seed  production  data  (Table  7)  show  the  following: 
(1)  Seed  production  was  high  when  wet  fall  conditions  preceed  wet  summer 
conditions  (e.g.,  wet  plot  1978  and  1979).   (2)  Seed  production  was  low 
when  fall  conditions  too  dry  for  initiation  precede  wet  summer  conditions 
(e.g.,  wet  plot,  1977  and  1980  as  well  as  spring  wet  plots,  1977,  1979 
and  1980).   (3)  Seed  production  is  high  when  wet  fall  conditions  are 
followed  by  relatively  dry  summer  conditions  (e.g.,  Fall  wet  plot,  1978 
and  1979,  and  spring  wet  1978).  and   (4)  Seed  production  is  reduced  but 
still  relatively  high  when  growth  initiation  occurs  in  wet  fall  conditions 
and  development  occurs  in  very  dry  summer  conditions  (e.g.,  FW  plot 
1980). 
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Summary 

The  effects  of  water  supplementation  were  tested  in  an  Agropyron  smithii 
grassland  because  this  vegetation  type  covers  much  of  the  Northern  High 
Plains.   Increases  in  summer  rainfall  resulted  in  no  compositional  change 
except  in  the  wettest  plots,  where  invasion  of  both  desirable  and  unde- 
sirable perennials  was  observed.   The  resultant  vegetation  was  taller, 
denser,  and  more  productive.   Its  nitrogen  and  phosphorus  contents  were 
little  changed.   Root-shoot  ratios  declined  from  over  30:1  to  less  than 
2:1.   The  plants  remained  green  longer  but  the  length  of  the  above-ground 
growing  season  was  little  affected;  photoperiodic  control  is  hypothesized 
to  be  the  causal  agent.   Water  use  efficiency  increased  exponentially 
with  increasing  amounts  of  water  applied;  this  is  probably  due  to  a 
decline  in  the  evaporation: transpiration  ratio. 

Spring  watering  deserves  special  attention  because  water  use  effi- 
ciencies were  high  and  there  was  no  weed  response.   Fall  watering  also 
provides  early  growing  season  water,  but  may  allow  invasion  of  annual 
Brome  grasses  which  establish  in  the  fall.   The  quantity  of  fall  water 
available  is  apparently  an  important  determinant  of  floral  initiation  and 
seed  yield. 

Our  experiment  cannot  specify  the  long-term  equilibrium  effects  of 
supplemental  water,  the  length  of  time  required  for  the  change,  or  the 
characteristics  of  intermediate  plant  communities.   Seeding  experiments 
do  suggest,  however,  that  relatively  small  water  additions  --  such  as 
those  likely  associated  with  summertime  weather  modification  activities  -- 
are  unlikely  to  result  in  large  changes  in  native  grasslands  of  the  High 
Plains . 
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WEATHER  MODIFICATION  AND  GRAZING  EFFECTS  ON  MONTANA  SHORT -GRASS 
RANGELAND  VEGETATION:   A  THREE-YEAR  FIELD  EXPERIMENT  USING 

IRRIGATION  AND  MOWING. 

By 

B.  Haglund 

Abstract 

Irrigation  and  mowing  treatments  on  a  native  short  grass  range  site  were 
used  to  determine  vegetation  responses  to  water  addition  and  grazing.   Four 
soil  water  treatment  levels  were  maintained  in  1978-1980.   The  range  of 
treatments,  measured  as  duration  of  soil  water  deficit,  was  from  127  to  0  days. 
Mowing  was  done  once  annually  and  cut  matter  was  removed  from  the  plots. 
Vegetation  effects,  in  general,  were  related  more  strongly  to  mowing  than  water 
influences.   This  suggests  that  grazing  management  has  an  important  control  on 
vegetation  production,  perhaps  of  greater  significance  than  small  magnitude 
water  manipulations.   Several  response  variables  showed  synergistic  responses 
to  mowing  and  water.   These  included:   greater  tiller  production  and  a  shift  in 
species  composition  to  dominance  by  blue  grama,  a  warm  season  grass.   Forage 
yield  increased  significantly  only  under  the  wettest  moisture  regime  although 
soil  water  deficit  period  was  well  correlated  with  yield  (r  =  -.70  to  -.89). 
The  two  relatively  high  yielding,  cool  season  grasses,  western  wheatgrass  and 
needleandthread  grass,  dominated  the  plant  community  throughout  the  study  under 
season-long  wet  conditions.   These  C-3 species  declined  in  proportion  and 
absolute  quantity  under  mowed  treatments.   This  happened  because  of  competitive 
displacement  by  blue  grama  a  G-4  species.   Tiller  production  increased  with 
water  additions  but  showed  a  four  to  five-fold  increase  with  mowing  and  water. 
Seed  head  density,  conversely,  increased  to  the  greatest  extent  with  water  and 
no  mowing.   Annual  weedy  grasses  declined  with  enhanced  soil  water  conditions 
probably  because  of  increased  survival  of  perennial  grass  roots.   Cover 
measurements  corroborated  the  proliferation  of  blue  grama  in  other  measures. 
Five  plant  cover  estimates  ranged  from  19-44%  and  were  greatest  under  the 
spring  wet  and  mowing  treatment  due  to  blue  grama  proliferation.   Bare  ground 
and  litter  cover  predominated  in  all  samples.   Plant  nitrogen  concentrations 
were  affected  by  treatment  only  at  the  end  of  the  growing  season  when  mowed 
plants  showed  higher  levels.   Plants  of  each  species  sampled  showed  greatly 
increased  nitrogen  concentrations  on  one  of  the  driest  plots.   This  is  possibly 
due  to  amino  acid  increase  in  green  tissue  following  severe,  sustained  stress. 
Otherwise  water  influences  on  plant  nitrogen  concentrations  seemed  to  be  minor. 

Introduction 

Enrichment  of  semi-arid  grazing  lands  to  increase  forage  production  and 
thereby  livestock  density  is  being  attempted  in  various  ways.   Although 
fertilization  may  be  practicable  in  relatively  moist  areas  or  on  deep  soils 
(Wight  and  Black  1972),  water  addition  is  the  most  frequently  attempted 
practice.   It  is  agriculturally  desirable  to  manipulate  water  because  it  is  the 
most  limiting  nutrient  to  plant  production  in  these  regions. 

Water  may  be  added  by  irrigation,  water  spreading,  scalping,  contour 
furrowing,  pitting,  and  perhaps  other  land  management  techniques.   The 
potential  of  atmospheric  management  for  increased  water  output  from  warm  season 
convective  clouds  is  being  studied  in  the  High  Plains  Cooperative  program, 
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Bureau  of  Reclamation,  U.S.  Department  of  Interior.   If  a  cloud-seeding 
technology  is  feasible  it  could  be  applied  to  augment  rainfall  in  northern 
Great  Plains  rangelands  (Perry  1976). 

Numeric  estimates  of  water  addition  effects  on  forage  yield  in  the 
widespread  blue  grama  -  western  wheatgrass  (Bouteloua  gracilis  -  Agropyron 
smithii)  vegetation  type  are  in  the  range  of  32-35  kg/ha/  cm  water  (Weaver  MS 
in  prep.)   Larger  increments  are  predicted  (to  44  kg/ha/  cm  water)  where  the 
vegetation  has  a  greater  fraction  of  cool  season  grasses,  such  as 
needleandthread  grass  (Stipa  comata)  (Whitman  1971).   The  yield  responses  have 
most  often  been  expressed  as  linear  functions  of  water  additions  or  as 
proportionately  greater  increases  in  dryer  years  (Perry  1976).   Weaver's  newly- 
assembled  data  (in  this  report)  show  the  effects  of  water  to  more  nearly 
approach  an  exponential  function.   His  data  also  show  greater  yield  responses 
to  water  additions,  on  most  occasions,  by  cool  season  rather  than  warm  season 
grasses . 

Besides  forage  yield  effects,  water  additions  may  influence  other 
vegetation  attributes  relevant  to  ecosystem  production.   These  include:   cover, 
height,  growth  of  tillers  or  other  new  plant  tissue,  seeds,  and  plant  species 
composition.   The  degree  to  which  plants  cover  ground  surface  is  a  good  index 
to  plant  vigor;  plant  cover  has  the  desirable  effect  of  decreasing  soil  erosion 
potential  (Weaver  and  Albertson  1944) .   Height  is  closely  correlated  with  both 
cover  and  yield  depending  on  the  species  present;  height  increase  may  make 
conditions  less  favorable  for  damaging  grasshoppers.   Tillering  is  a  frequent 
response  of  grasses  to  grazing.   This  vegetative  reproduction  is  the  most 
common  form  of  reproduction  for  many  grasses.   Tillers,  as  they  are  produced, 
are  a  source  of  high  quality  food  to  grazers,  particularly  late  in  the  growing 
season  when  the  early  season  growth  is  depleted  of  nutrients.   Seed  production 
increases  are  closely  tied  to  increases  in  plant  vigor.   Plant  species 
composition  is  the  most  used  guide  to  rangeland  capability  for  cattle 
production.   A  high  proportion  of  annual  plants  or  those  disliked  by  cattle 
determines  a  low  cattle  density.   The  history  of  grazing  pressure,  past 
precipitation  amounts,  and  soil  texture  and  nutrient  status  largely  determine 
the  types  of  plants  present  and  their  densities  (Newbauer  et  al.  1980). 

A  field  experiment  of  three  years  duration  was  conducted  to  determine 
possible  influences  of  warm  season  cloud  seeding  coincident  with  grazing  on 
short  grass  vegetation.   Sprinkler  irrigation  and  mowing  were  the  actual 
treatment  factors  used  since  experimental  studies  of  successfully  cloud-seeded 
areas  are  not  possible  at  the  present  and  resources  did  not  permit  direct  work 
with  cattle. 

Methods  and  Site  Description 

A  two  factor  experimental  design  with  two  and  four  levels,  respectively,  of 
mowing  and  soil  water  treatments  was  imposed  on  a  short  grass  site  in  eastern 
Montana.   The  site,  located  in  the  NE  1/4,  SW  1/4,  Sec.  25,  T.7N.,  R.  47E.  - 
Paddy  Fay  Quadrangle,  U.S.  Geological  Survey,  has  a  Chanta  loam  (Aridic 
Haploboroll)  soil  developed  on  Tongue  River  alluvium  over  an  interbedded  Eocene 
sandstone-coal  shale  formation.   The  geologic  age  of  the  alluvium  is  not  known 
but  is  probably  older  than  Pleistocene.   Experimental  irrigation  was 
facilitated  by  the  simple,  concave  relief  at  the  site,  which  is  on  a  bench 
about  30  m  above  the  present  Tongue  River  and  the  moderately  slow  -  rapid 
permeability  of  the  solum  above  a  joint  stone  caliche  layer  at  50-80  cm  depth. 
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Vegetation  on  the  site  was  predominantly  comprised  of  the  species:   western 
wheatgrass,  blue  grama,  needleandthread  grass,  dryland  sedge  (Carex  f ilifolia) , 
and  big  and  silver  sagebrush  (Artemisia  tridentata  and  A^  cana) ,  in  order  of 
decreasing  importance.   All  of  these  plants  are  common  rangeland  dominants  in 
the  northern  Great  Plains  (Kuchler  1964) .   High  quality  (greater  yielding  or 
cattle  preferred)  species  present  at  very  low  density  included:   green 
needlegrass  (Stipa  viridula) ,  sideoats  grama  (Bouteloua  curtipendula) ,  and 
prairie  June  grass  (Koeleria  cristata) .   Less  desirable  plants  present  there 
included:   cheat  grass  (Bromus  tectorum) ,  Japanese  brome  grass  (B^  japonicus) , 
and  goatsbeard  (Tragopogon  dubius) .   Each  of  these  last  three  is  a  weedy 
invader  from  Asia.   Due  to  a  relatively  great  distance  from  a  water  source, 
cattle  grazing  had  been  only  light  in  the  several  years  before  the  experiment 
so  the  plants  had  not  been  dramatically  influenced  by  cattle  in  the  recent 
past . 

Within  a  fenced  area  of  about  six  ha,  eight  plots  of  15  m  x  15  m  dimensions 
with  at  least  15  m  spacing  were  established.   Plots  had  no  more  than  three 
sagebrushes  nor  a  soil  thinner  than  50  cm.   Two  plots  each  (Replicates  1  and  2) 
were  randomly  assigned  to  the  following  water  treatments: 

1.  'Drought"  (DRT)  -  interception  of  nocturnal  June  showers  to  produce 
conditions  dryer  than  the  control.   Two  showers  were  intercepted  in 
1978  but  none  in  the  subsequent  years,  1979  and  1980,  when  they  were 
rare.   Both  replicates  of  this  treatment  were  depleted  of  plant 
available  soil  water  earlier  than  the  controls  in  1978  and  1979.   In 
1980  the  plant  available  water  remained  a  few  days  longer  than  that  in 
the  controls.   Soils  were,  by  chance,  significantly  shallower  here  than 
under  any  other  plots,  so  less  water  could  be  stored  to  meet  plant 
demands  and  therefore  drying  occurred  sooner; 

2.  Control  (CTL)  -  ambient  precipitation  of  each  year  produced  soil 
moisture  conditions  wetter  for  a  longer  period  of  time  than  the 
preceding  DRT  treatment;  and  for  a  shorter  time  than  irrigated  plots; 

3.  "Spring  wet"  (SWT)  -  irrigation  in  May  and  June  was  done  in   25  to  35 
mm  additions  to  maintain  plant  available  water  until  about  1  July.   In 
1978,  these  two  plots  had  water  available  to  plants  through  early 
August  when  ambient  rainfall  was  very  high.   Vegetation  of  this 
general  type  has  water  available  for  transpiration  until  1  July  during 
most  years  near  Dickinson,  North  Dakota,  several  hundred  km  east  of 
Miles  City,  MT; 

4.  "Wet"  (WET)  -  irrigation  in  25  to  35  mm  increments  was  done  in  May 
through  August  of  each  year  to  maintain  plant  available  water  during 
most  of  the  growing  season.   These  moist  conditions  occur  naturally  on 
this  vegetation  type  in  central  -  eastern  North  Dakota. 

Irrigation  was  done  in  early  morning  (0430-1000)  or  evening  (1800-2400) 
hours,  with  winds  no  more  intense  than  a  gentle  breeze,  and  using  water  pumped 
from  the  Tongue  River.   Particulates  in  the  water  were  partially  removed  by 
pumping  from  a  settling  tank  through  three  centrifugal  filters.   Water  from  the 
Tongue  River  is  considered  good  quality  for  irrigation  (USGS  1977-1979). 
Sprinklers  were  "Rain-jets"  mounted  on  0.5  m  risers.   The  uniformity  of  water 
dispersion  (s/x)  was  measured  three  times  on  each  irrigated  plot  using  100, 
regularly  distributed  containers.   The  range  of  uniformity  values  was  0.08-0.19 
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which  indicates  generally  uniform  water  delivery.   Sprinkler  drops  are  within 
the  size  range  of  natural  raindrops  (T.  Weaver,  this  report)  but  have  only 
about  30-40  percent  of  the  kinetic  energy  of  natural  raindrops.   Dates  of 
actual  irrigation  events  and  quantities  added  are  stated  in  Figures  1,  2,  and 
3. 

Soil  moisture  tension,  not  water  addition,  is  the  effective  independent 
variable  in  this  experiment  because:   (1)  it  integrates  across  several 
interacting  influences  each  of  which  is  difficult  to  measure,  (2)  it  is  a 
nearly  direct  measure  of  plant  available  water,  and  (3)  water  additions  are 
subject  to  a  possible  "oasis"  effect. 

Mowing,  the  other  treatment,  was  done  once  annually  on  one-half  of  each 
plot,  with  the  portion  mowed  being  randomly  chosen.   Each  treatment  area  chosen 
was  mowed  to  10  cm  cutting  height  in  6-7  July  1978;  22-24  June  1979;  and  5-6 
July  1980.   Clippings  were  removed  from  the  plot.   Cattle  observed  in  the 
vicinity  fed  to  the  10  cm  ±  3  cm  level  when  first  feeding  on  a  plant.   Later 
feeding  was  often  closer  to  the  ground  by  several  cm.   Important  cattle  effects 
that  are  not  simulated  by  mowing  are:   trampling,  defecating,  and  urinating. 
These  factors,  plus  those  due  to  selective  cattle  feeding,  suggest  that 
generalizations  of  results  from  mowing  to  cattle  grazing  should  be  done  with 
caution. 

Wedge  gauges  on  each  plot,  treated  with  aviation  brake  fluid  to  reduce 
evaporation,  were  read  weekly  to  record  rainfall  during  May  through  September. 
Four  sets  of  three  Bouyoucos '  (1961)  plaster  blocks  (4x5  x  1.5  cm)  per  plot, 
installed  at  depths  of  10,  25,  and  75  cm  (or  the  stone  layer  if  shallower), 
were  measured  for  electrical  resistance  each  week.   Resistance  readings  were 
converted  to  negative  bars  of  moisture  tension  using  a  calibration  curve  within 
the  range  of  0  to  -20  bars  stress  prepared  by  Jeff  Birkby  and  Tad  Weaver 
(unpublished  data) . 

Various  methods  were  used  to  measure  vegetation  characteristics.   First, 
biomass  was  estimated  by  the  harvest  method  in  which  plant  matter,  produced  in 
the  year,  inside  regularly  placed  sample  frames  was  cut  at  the  ground  surface; 
separated  by  species  and  by  color,  green  or  brown  (dead);  dried  at  60  to  80  C 
for  at  least  48  hours;  and  weighed.   In  these  and  other  sampling  techniques 
with  quadrats  placed  at  regular  intervals,  the  distance  between  quadrats  was 
chosen  randomly.   Sample  periods  were  mid- June  and  mid-August  of  both  1978  and 
1979.   Clip  samples  in  1978  were  taken  from  10  -  30  x  61  cm  frames  per 
treatment;  in  19  79  harvest  was  done  within  15  -  20  x  50  cm  frames  per 
treatment. 

Second,  plant  cover  was  estimated  in  mid-August  1978-1980  by  visual 
estimate  within  20  -  20  x  50  cm  quadrats  regularly  placed  within  each  treatment 
area.   This  rapid  technique  is  subject  to  observer  bias  particularly  regarding 
total  ground  cover  of  the  plants.   Compared  to  the  accurate  inclined  point 
methods  visual  estimates  of  ground  cover  are  typically  higher  by  50  to  150 
percent.   It  is  appropriate,  though,  for  use  by  one  observer  for  relative 
assessments  within  a  vegetion  type  as  was  done  here.   Cover  was  esimated  by 
percent  for  each  of  bare  ground,  litter,  the  three  principal  perennial  grasses, 
dryland  sedge,  annual  grasses,  f orbs ,  and  all  other  plants  combined. 

Third,  vegetation  height  was  estimated  from  60  measurements  per  treatment 
using  a  regularly  placed  meter  stick  in  mid-June  and  mid-August,  1978-1980. 

136 


60  -i 
E    45- 

E 

d  30- 

CJ 


(O 


0 
0- 

5 

10 

15 


S    20 


0-i 


c 

01 

»-    I0H 


2     15 

to 
O 

2    20 


=      0 
o 

5 


10- 
15- 


20 


Ll 


■t 


10cm 


25cm 


75cm 


MAY 


H 


u 


1 

i! 


a 


r 


t\ 


1 


V.     N    3 

\\     Mr 


X   V  w 


\  2$ 


SA 


\N~— 


\_ 


"\ 


v* — — 


JUNE 


JULY 


Natural  Rain 

"WET"  Irrigation  Treatment 

"SWT"  Irrigation  Treatment 

1 1 1 1 1 1 1 1 1 1 1 1 1 1  • 

HH9    Rain  Intercepted  on  DRT  Treatment 


AUG 

DRT 
CTL 
SWT 
WET 


Figure  1.   Precipitation,  irrigation  water  and  soil  moisture  tension  at 
HIPLEX  shortgrass  rangeland  site,  1978.   Experimental  replicates  combined, 
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Figure  2.   Precipitation,  irrigation  water  and  soil  moisture  tension  at 
HIPLEX  shortgrass  rangeland  site,  1979.   Experimental  replicates  combined 
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Figure  3.   Precipitation,  irrigation  water  and  soil  moisture  tension  at 
HIPLEX  shortgrass  rangeland  site, 1980.   Experimental  replicates  combined. 
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The  tallest  vegetation  within  a  5  cm  radius  of  the  stick  was  measured.   If  no 
vegetation  was  present  therein,  a  zero  was  recorded. 

Fourth,  densities  of  perenial  grass  inflorescences  and  new  tillers  were 
made  by  counts  within  20  -  20  x  50cm  frames  regularly  spaced  in  each  treatment. 
Sampling  dates  were  mid-June  1978-1980  for  inflorescences  alone  and  both 
inflorescences  and  tillers  in  late  August  1978-1980.   Annual  grass  stem  density 
counts  were  made  separately  by  the  same  technique  in  late  June  of  each  of  the 
three  years . 

Dependent  variables  were  tested  for  significant  overall  treatment 
differences  by  analysis  of  variance  (ANOVA) .   Particular  treatment  comparisons 
of  data  sets  were  analyzed  by  Duncan's  multiple  range  test.   Except  for  data 
sets  which  had  a  high  frequency  of  zero  counts  (inflorescences  and  tillers  of 
some  species),  most  data  sets  showed  a  reasonably  good  fit  to  a  normal 
distribution.   Thus  data  were  not  transformed. 

Results  and  Discussion 

Soil  Moisture  Conditions  —  Soil  water  status  of  the  experimental  treatments 
(Replicates  1  and  2  combined)  and  rain  and  irrigation  water  additions  are 
portrayed  in  Figures  1-3.   As  mentioned  above  the  DRT  treatments  were  subjected 
to  rainfall  interception  only  in  1978  yet  dried  earlier  than  the  CTL  plots  in 
both  1978  and  1979.   This  is  due  to  shallower  soils  on  those  two  plots  which 
stored  less  water  for  the  plants  and  so  were  depleted  of  water  earlier.   In 
1980  summer  showers  wet  the  DRT  plot  soil  to  a  greater  extent  than  on  the  CTL 
plot  because  more  stressful  conditions  on  the  DRT  plots  than  the  CTL's  allowed 
less  plant  activity  (Ng  and  Miller  1980).   Because  the  earlier  drying  of  the 
DRT  plots  is  consistent  with  the  a  priori  protocol,  it  is  desirable  to  include 
data  from  these  plots  in  the  analysis  despite  the  fact  that  they  got  water 
inputs  identical  to  the  control  in  1979  and  1980. 

Using  -5  and  -15  bars  soil  moisture  tension  levels  as  approximate 
indicators  of  limits  on  water  available  for  plant  growth  and  transpiration, 
respectively  (Hsiao  1973  and  Newbauer  and  Weaver  MS  in  prep.)  it  can  be 
determined  that  plant  water  deficit  periods  were  consistent  with  the  design. 
Soil  moisture  tension  increased  each  year  in  order:   DRT   CTL   SWT   WET. 
The  data  from  Figures  1-3  and  in  Table  1  show,  in  fact,  no  water  stress  on  the 
WET  treatments  in  1978,  only  six  days  beyond  -5  bars  (at  10cm)  in  1979,  and 
about  eight  days  beyond  -5  bars  (at  10cm)  in  1980  after  irrigation  began. 
However,  the  early  season  drying  in  1980  on  all  treatments  due  to  the  severe 
drought  makes  that  year  distinctive.   Previously  the  plants  had  begun  each 
growing  season  with  a  saturated  soil  profile.   So  even  the  WET  treatment  plants 
must  be  regarded  as  having  been  stressed  in  1980. 

Soil  pits  and  cores  taken  down  to  the  stone  layer  at  the  site  revealed 
roots  at  all  depths.   Assuming  that  roots  at  any  depth  supply  water  to  the 
plants  allows  a  second  estimation  of  water  deficit  period  (water  tension  in  the 
wettest  layer)  that  is  less  conservative  than  that  used  in  Table  1.   Relative 
soil  moisture  tension  is  again  consistent  with  the  treatment  specifications  but 
drought  periods  are  much  shorter  (Table  2) .   By  this  measure  severe  water 
deficits  (less  than  -  15  bars)  have  been  nonexistent  on  the  WET  treatments  and 
only  occurred  for  12  days  total  on  the  SWT  plots.   In  1978  no  treatments 
incurred  severe  water  stress,  in  1979  merely  the  DRT  treatments,  but  in  1980 
all  except  WET  were  severely  stressed  for  sometime. 
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Table  1.   Effect  of  water  treatment  on  growing  season  days  (  May- 
September)  (less  than  -5  bars,  total  days/less  than  -15  bars,  total  days) 
with  soil  water  stress  beyond  -5  and  -15  bars  at  the  driest  soil  level.   The 
treatments  are  described  in  the  text. 

MOISTURE  REGIME 


YEAR       DRT  CTL  SWT      WET 

1         2         1         2         12      1 


1978  65/26     61/28     58/19     53/18     32/10   28/8    0/0    0/0 

1979  106/79     108/83     106/74     103/71    59/37   54/32   8/0    4/0 

1980  -'-123/106   -'-123/101   -''127/117   --'-127/113   80/83   82/79   22/16   26/14 


•'-'The  several  days  less  of  water  deficit  under  the  DRT  regime  than  the  CTL 
regime  in  1980  is  attributable  to  less  plant  activity  under  the  DRT  treatment 
(Ng  and  Miller  1980). 
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Table  2.   Effect  of  water  treatment  on  growing  season  (1  May  -  5 
September)  days  with  soil  water  stress  beyond  -5  and  -15  bars  (less  than  -5 
bars,  days  total/less  than  -15  bars,  days  total)  soil  moisture  tension  at  the 
wettest  soil  level.   The  treatments  are  described  in  the  text. 

DRT  CTL  SWT  WET 

YEAR      1         2        1         2       12       12 


1978  44/0        38/0    12/0        8/0    0/0     0/0    0/0    0/0 

1979  86/59      80/59    62/2       62/0     17/0    15/0    0/0    0/0 

1980  '"123/106  123/101    127/117  127/113    82/16  80/12    36/0  38/0 


"The  several  days  longer  drought  period  at  the  wettest  soil  level  under 
the  DRT  treatment  rather  than  CTL  is  attributable  to  decreased  plant  activity 
there  due  to  earlier  more  severe  stress.   Plants  on  the  CTL  treatments  were 
more  vigorous  and  were  more  capable  of  transpiring  rain  from  thunderstorms 
thereby  keeping  soil  moisutre  low  (Ng  and  Millier  1980). 


142 


Plant  Biomass--Soil  water  augmentation  permits  greater  transpiration  by 
plants  which  is  generally  related  to  increased  production.   Perennial  grasses, 
like  most  plants,  may  divert  the  additional  production  to:   above-ground 
tissue,  below-ground  tissue,  carbohydrate  reserves,  or  respiration.   Plant 
yield  increases  above-ground  have  been  studied  in  this  experiment  because  of 
their  economic  significance  in  cattle  production  and  because  they  are  a 
reasonable  index  to  changes  in  overall  production,  including  that  below-ground 
and  that  consumed  by  herbivores . 

Figure  4  graphically  establishes  that  water  additions,  even  much  larger 
than  likely  weather  modification  additions,  do  not  necessarily  cause  an 
increase  in  plant  matter  above-ground.   In  fact,  the  harvest  at  the  end  of  the 
growing  season  in  a  dry  year  was  greater  than  that  from  comparable  treatments 
in  an  extraordinarily  wet  year. 

Actual  treatment  differences  can  be  summarized  as  follows: 

1.  June  1978  -  Only  the  SWT  2  treatment  biomass  was  significantly  greater  (p 
less  than  0.01).   This  establishes  near  uniformity  among  the  treatment 
units  as  the  experiment  began. 

2.  August  1978  -  Unmowed  >  mowed  (p  less  than  0.001)  and  WET  replicates  - 
unmowed  both  had  greater  biomass  than  all  others  (p  less  than  0.05).   No 
other  significant  differences  were  found. 

3.  June  1979  -  Vigor  seemed  to  be  greater  on  treatments  watered  the  previous 
year  as  WET  1  =  WET  2  =  SWT  2   all  others  under  both  mowing  conditions  (p 
less  than  0.05).   The  magnitude  of  difference  between  unmowed  and  mowed 
areas  declined  from  the  August  1978  sample  date;  in  one  case,  CTL  1,  the 
mowed  biomass  >  unmowed  biomass  (p  less  than  0.1). 

4.  August  1979  -  Unmowed  >  mowed  (p  less  than  0.001)  and  WET  1  and  2  >  all 
others  for  each  mowing  treatment.   All  other  comparisons  for  the  influence 
of  water  were  insignificant. 

5.  Sampling  period  comparisons  -  biomass  declined  from  June  to  August  1978  (p 
less  than  0.05).   A  severe  hail  storm  on  18  July  with  84  mph  winds  broke 
stems  and  stripped  the  leaves  from  many  plants.   Biomass  increased  from 
June  to  August  1979  (p  less  than  0.01),  which  is  the  more  usual  case  for 
rangeland  vegetation.   Comparisons  between  years  are  confounded  by  the  hail 
storm's  influences. 

A  useful  indication  of  vegetation's  capability  to  transpire  water  for 
production  is  water  use  efficiency  expressed  as  mass  plant  matter/mass  HO. 
The  efficieny  of  production  is  known  to  be  affected  by:   radiation  intensity, 
soil  temperature,  nutrient  availability,  grazing,  plant  diseases,  and  type  of 
photosynthetic  pathway.   Table  3  expresses  the  short  grass  vegetation's 
efficiency  of  water  use  for  water  falling  in  the  previous  twelve  months.   Data 
are  calculated  only  for  the  August  1979  biomass  data  because  of  the  hail 
storm's  effect  on  the  previous  year's  biomass.   The  mowed  treatment  is  not 
included  because  some  plant  growth  was  removed  by  the  mowing  and  is  not 
accounted  for  in  the  biomass  estimates. 
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Figure  4.   Effects  of  water  and  mowing  treatments  on  vegetation  biomass, 
x  +  one  s.e.,  at  HIPLEX  shortgrass  rangeland  site.   Experimental  replicates 
separated . 
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Table  3.   Efficiency  of  water  use  (g  plant  biomass/kg  water  from  the 
previous  12  mo)  under  soil  water  treatments,  August  1979.   See  the  text  for 
treatment  specifications. 

DRT  CTL  SWT  WET 

UNMOWED    .487/. 622     .537/. 610     .457/. 472     .473/. 527 
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These  data  fall  within  the  range  of  those  calculated  by  Weaver  (this 
report)  for  similar  magnitude  water  treatments  on  nearly  pure  blue  grama  and 
western  wheatgrass  stands. 

The  relative  species  composition  of  the  plant  tissue  harvested  in  the  clip 
samples  is  an  important  indication  of  livestock  forage  quality.   Some  grasses, 
such  as  blue  grama,  tend  to  have  relatively  low  nitrogen  (N)  concentrations  and 
are  therefore  less  desirable  cattle  feeds  at  times  when  the  livestock  are  not 
getting  adequate  N.   However,  cattle  may  do  better  on  a  diverse  diet,  as  do 
many  other  animals,  so  there  may  be  compensation  for  feeding  on  material  of 
lesser  absolute  quality.   Table  4  shows  the  percent  of  total  biomass  for  each 
of  four  grass  species. 

At  the  earliest  sample  date,  which  was  preceded  by  only  two  irrigation 
events  but  not  mowing,  western  wheatgrass  was  the  most  abundant  species  except 
on  the  DRT  2  plot  (range  28,  53-71%).   Needleandthread  grass,  another  cool 
season  -  C-3,  was  second  most  common  (range  8-52%).   In  total  the  two  C-3 
grasses  comprised  79-86%  of  the  initial  biomass,  which  indicates  uniformity  of 
distribution  of  that  variable  pretreatment .   Dryland  sedge  (range  2-18%)  and 
blue  grama  (range  1-8%)  were  substantially  lower  in  proportion.   These 
proportions  are  consistent  with  the  wet,  cool  conditions  early  in  1978  which 
were  favorable  for  the  taller,  higher  yielding  C-3's. 

Biomass  proportions  changed  only  slightly  on  the  unmowed  treatments  from 
the  initial  levels.   Blue  grama  showed  the  only  consistent  pattern  by 
increasing  slightly  on  all  replicates  of  DRT,  CTL,  and  SWT  in  the  8/79  samples. 
Mowed  treatments  exhibited  substantial  shifts  in  species  biomass'  proportions. 
Blue  grama  showed  the  greatest  change,  increasing  at  all  water  levels  but 
particularly  so  under  SWT  conditions.   This  increase  seemed  to  be  at  the 
expense  of  the  two  C-3's  as  western  wheatgrass  and  needleandthread  grass  both 
declined  in  proportion  except  under  WET  conditions. 

Tiller  production  provides  another  measure,  besides  biomass,  of  water 
influences  on  vegetaion  production.   Tillers  are,  in  effect,  plant  reproductive 
structures;  they  are  relatively  high  in  nutrients  favorable  for  herbivores,  and 
their  production  is  highly  correlated  with  plant  vigor.   Figure  5  demonstrates 
that  water  additions  had  relatively  little  effect  on  tiller  production  without 
mowing  except  in  1980,  a  very  dry  year.   In  all  years  tiller  density  near  the 
end  of  the  season  was  highly  negatively  correlated  with  the  length  of  stress 
period  but  the  slope  of  relationship  was  gradual  in  the  absence  of  mowing 
(Table  5) . 

Inferences  to  be  drawn  from  the  tiller  production  data  are  that  shortening 
the  period  of  soil  water  stress  raises  the  number  of  tillers  produced  and  that 
grazing  will  have  an  additional  synegistic  effect  on  tiller  production.   Water 
added  to  lessen  the  stress  period  allows  the  plants  sufficient  carbohydrate 
storage  to  be  able  to  support  tiller  growth;  grazing  alters  plant  hormone  and 
carbohydrate  status  in  such  a  way  as  to  encourage  lateral  growth. 

In  the  third  experimental  year  SWT  -  mowed  tiller  production  outstripped 
that  in  the  WET  -  mowed  plots  (Figure  5).   This  was  caused  by  the  rapid 
proliferation  of  blue  grama,  a  grass  which  has  evolved  to  minimize  detrimental 
grazing  effects  (i.e.,  less  above-ground  tissue)  and  to  perhaps  benefit 
relatively  from  selective  removal  of  taller  C-3  grasses.   It  is  capable  of 
prolific  tillering  as  demonstrated  by  the  combined  Figure  5  and  Table  6  data. 
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Table  4.   Percentage  of  total  plant  biomass  for  four  short  grass 
ecosystem  species  as  affected  by  water  and  mowing  treatments .   See  the  text 
for  treatment  specifications. 

WATER  TREATMENTS 

MOWED  DRT     CTL     SWT     WET 


(Species  and  date) 

(1/2) 

(1/2) 

(1/2) 

d/2) 

western  wheatgrass 

-8/78 

35/34 

71/62 

31/49 

67/48 

-8/79 

41/33 

54/65 

20/31 

62/64 

blue  grama 

-8/78 

17/12 

27/17 

61/41 

10/14 

-8/79 

23/26 

31/23 

73/53 

16/13 

dryland  sedge 

-8/78 

36/19 

0/4 

2/9 

2/13 

-8/79 

28/21 

1/3 

5/11 

4/9 

needleandthread 

-8/78 

11/33 

8/12 

2/1 

15/5 

-8/79 

6/18 

6/4 

1/1 

126 

western  wheatgrass 

-6/78 

58/28 

60/71 

70/71 

63/53 

-8/78 

71/22 

56/8 

67/63 

59/49 

-8/79 

59/31 

62/73 

71/65 

57/66 

blue  grama 

-6/78* 

3/2 

6/1 

6/8 

7/6 

-8/78 

5/4 

13/3 

9/14 

11/5 

-8/79 

19/13 

16/12 

12/16 

9/4 
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Table  4  (continued) 

dryland  sedge 

-6/78-  9/18  2/1  8/12  6/6 

-8/78  13/33  1/1  14/20  13/5 

-8/79  14/26  3/2  12/16  14/9 

needleandthread 

-6/78*  21/52  26/25  10/8  22/26 

-8/78  4/41  15/15  5/3  16/15 

-8/79  6/28  13/10  2/1  18/21 


"Includes  biomass  samples  from  the  portion  of  the  plots  that  was  later 
mowed. 
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Table  5.   Regression  relationships  (linear)  of  tiller  production  to  the 
total  number  of  field  season  days  of  water  stress  (less  than  -5  bars  in 
driest  soil  layer).   UNM  -  unmowed  and  MOW  -  mowed  treatments. 

1978             1979  1980 

UNM MOW  UNM MOW    UNM MOW 

r  =              -.81    -.93      -.96   -.92  -.96    -.52 

slope  =          -.54   -3.40      -.38   -1.53  -.18   -1.36 

y-intercept     52.6   285.8  59.2   207.8  24.0   184.5 
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Table  6.   New  tillers,  percent  of  total,  among  three  perennial  grass 
species  at  the  HIPLEX  short  grass  rangeland  site  in  1978-1980,  as  affected  by 
water  and  mowing  treatments. 

MOISTURE  REGIME 


SPECIES 
1978 

MOWING 
TREATMENT 

DRT 
1 

2 

CTL 
1 

2 

SWT 
1 

2 

WET 
1 

2 

A.  smithi 

UNMOWED 

0 

0 

55 

58 

82 

100 

94 

65 

MOWED 

84 

60 

82 

88 

97 

99 

96 

96 

B.  gracilis 

UNMOWED 

8 

6 

3 

4 

1 

0 

1 

0 

MOWED 

16 

21 

18 

10 

3 

1 

2 

1 

S.  comata 

UNMOWED 

92 

94 

42 

38 

17 

0 

5 

35 

MOWED 

0 

19 

0 

2 

0 

0 

2 

3 

1979 

A.  smithii 

UNMOWED 

26 

50 

54 

29 

0 

39 

58 

50 

MOWED 

34 

51 

45 

74 

53 

52 

66 

58 

B.  gracilis 

UNMOWED 

53 

50 

38 

57 

100 

46 

29 

24 

MOWED 

41 

27 

40 

18 

60 

41 

30 

36 

S.  comata 

UNMOWED 

21 

0 

8 

14 

0 

14 

13 

26 

MOWED 

25 

22 

15 

8 

7 

7 

4 

7 

1980 

A.  smithii 

UNMOWED 

0 

0 

0 

0 

1 

11 

61 

48 

MOWED 

10 

0 

0 

4 

16 

17 

62 

51 

B.  gracilis 

UNMOWED 

0 

0 

0 

0 

96 

79 

22 

18 

MOWED 

90 

81 

100 

86 

81 

72 

32 

39 

S .  comata 

UNMOWED 

0 

0 

0 

0 

3 

10 

17 

34 

MOWED 

0 

19 

0 

10 

3 

11 

6 

10 
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Figure  5.   Total  new  tillers,  x  +  one  s.e.,  all  species  combined  in  late- 
August-  early  September  at  HIPLEX  shortgrass  rangeland  site  under  water 
and  mowing  treatments.   Experimental  replicates  separated. 
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Mowing  significantly  (p  less  than  0.001)  caused  an  increase  in  blue  grama 
tiller  output,  but  season-long  WET  conditions  depressed  it  (p  less  than  0.05). 
Under  SWT  -  mowed  conditions  the  percentage  of  blue  grama  tillers  produced  went 
from  1-3%  to  72-81%  during  the  experiment. 

Expansion  of  blue  grama  has  been  accomplished  in  part  by  competitive 
displacement  of  the  C-3  grasses.   From  a  strong  priority  proportion  in  1978 
(combined  range  =  79-100%)  the  cool  season  species  have  dropped  to  4-82%  in 
1980  and  produce  over  one-half  of  the  tillers  only  under  WET  conditions.   Thus 
if  water  is  available  through  the  growing  season  western  wheatgrass  and 
needleandthread  grass  can  make  use  of  it  to  avoid  being  excluded  by  the  C-4 
species,  blue  grama.   Addition  of  water  only  in  the  early  summer  combined  with 
mowing  (and  perhaps  grazing)  conversely  facilitates  their  decline  at  the 
expense  of  the  less  productive,  less  N-rich  warm  season  grass. 

Seeds  are  another  grass  reproductive  structure.   While  their  production  in 
any  particular  year  may  not  be  necessary  for  survival  of  the  common  range  plant 
species  long-term  survival  may  depend  on  the  genetic  recombination  done  by 
sexual  reproduction.   More  vigorous,  healthier  plants  have  a  greater  ability  to 
produce  seeds.   Figures  6,  7  and  8  depict  the  change  of  perennial  grass  seed 
head  inflorescence  production  due  to  treatments  across  time.   The  actual  number 
of  seeds  produced  and  their  viability,  both  of  which  may  vary,  are  not 
specified  by  these  tallies  so  the  data  are  an  index  of  seed  production  only. 

Both  of  the  cool  season  grasses  had  a  high  density  of  seed  heads  in  all 
treatments  in  June,  1978.   Neither  produced  more  than  a  few  seeds  under  the 
mowed  condition.   This  is  not  surprising  because  mowing  removed  the  taller 
culms  as  they  began  to  flower.   Both  of  them  produced  more  seed  heads  with 
decreased  periods  of  water  stress  (p  less  than  0.01)  although  there  is  no 
difference  between  the  SWT  and  WET  treatments.   The  anomolous  high  density  of 
needleandthread  grass  inflorescences  produced  on  DRT  2  in  1980  comes  from  a 
response  to  late  June  showers  that  allowed  flowering  to  occur  even  though  the 
plants  grew  scarcely  at  all.   That  particular  plot  had  an  exceptionally  high 
concentration  of  needleandthread  grass,  by  chance,  as  the  experiment  began  (see 
Table  4). 

Blue  grama  performance  is  once  again  optimal  under  SWT  -  mowed  conditions, 
not  the  WET  conditions,  which  shows  its  ability  not  only  to  tolerate  but  to 
even  benefit  from  a  water  deficit  period.   Mowing  raises  seedhead  production  at 
all  water  levels  (p  less  than  0.001).   Water  treatment  effects  with  mowing 
showed  no  difference  in  1978;  WET  =  SWT  greater  than  CTL  =  DRT  in  1979;  and,  of 
course,  SWT  much  greater  than  WET  greater  than  CTL  =  DRT  in  1980  (p  less  than 
0.001).   Slightly  more  blue  grama  seedheads  were  found  in  WET  -  unmowed  than 
WET  -  unmowed  treatments  in  1980  (p  less  than  0.05),  but  otherwise  the 
irrigation  treatments  were  similar  although  greater  than  the  other  plots. 

In  the  northern  Great  Plains  annual  grasses  are  often  "pests"  on  rangeland. 
They  increase  with  more  intense  grazing  pressure,  deplete  soil  moisture  before 
perennial  grass  seedlings  can  grow,  have  low  nutrient  contents,  and  may  be 
injurious  to  cattle  feeding  on  them.   Three  of  these  common  species  were  found 
on  the  plots  and  were  sampled  in  unison  (Figure  9).   The  comparison  across 
years  show  a  significant  decline  across  all  treatments  from  1978-1980  (p  less 
than  0.001)  which  is  probably  due  to  the  severely  dry  conditions  of  1980. 
Exclusion  of  cattle  may  have  augmented  the  rate  of  their  decline.   Observations 
in  1980  showed  that  virtually  no  areas  outside  the  fence,  except  roadsides, 
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Figure  6.   Density  of  western  wheatgrass  inflorescences,  x  +  one  s.e.,  at 
HIPLEX  shortgrass  rangeland  site  under  water  and  mowing  treatments. 
Experimental  replicates  separated. 


153 


JUNE 


AUGUST 


100 -i 


1978 


50- 


1979 


Q) 
O. 

(0 

£     50 

a> 
o 

CO 

a> 


0 
100 


1980 


50- 


DRT 


CTL 


I '2        I  '2  12 

SWT      WET  DRT 

Moisture  Regime 


Mowed  Treatment 


m 


Unmowed  Treatment 


Figure  7.   Density  of  needleand thread  grass  inflorescences,  x  +  one  s.e, 
at  HIPLEX  shortgrass  rangeland  site  under  water  and  mowing  treatments. 
Experimental  replicates  separated. 
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Figure  8.   Density  of  blue  grama  inflorescences,  x  +  one  s.e.,  at  HIPLEX 
shortgrass  rangeland  site  under  mowing  and  water  treatments.   Experimental 
replicates  separated. 
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Figure  9.   Annual  grass  species  (Bromus  japonicus,  13.  tectorum,  and  Vulpia 
octof lora)  stem  density,  x  +  one  s.e.,  in  late- June  at  the  HIPLEX  shortgrass 
rangeland  site  under  mowing  and  water  treatments.   Experimental  replicates 
separated.   Note:   Sampling  in  1978  occurred  before  the  mowing  treatment. 
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supported  these  plants  which  apparently  require  near  surface  soil  water  in  the 
fall  -  spring  period. 

More  related  to  this  study  are  the  comparisons  by  experimental  treatment 
which  show  near  uniformity  in  1978  and  significant  decline  with  added  soil 
water  in  1979  (p  less  than  0.01).   1980  sample  densities  were  too  low  to  allow 
a  reasonable  comparison  although  a  few  annual  grasses  were  found  on  SWT  plots. 
Mowing  had  no  statistically  important  effect.   The  1979  evidence  for  reduction 
with  water  additions  is  likely  due  to  the  effects  of  treatments  in  1978  which 
encouraged  expansion  of  active  perennial  grass  roots  into  near  surface  layers 
and  thereby  inhibited  the  growth  of  the  shal lowly-rooted  weedy  annuals. 

Plant  cover  estimates  (Table  7)  are  consistent  with  the  data  presented 
above  that  show  significant  expansion  of  blue  grama  under  SWT  -  mowed 
conditions.   Other  changes  of  note  were  recorded,  too,  as  by  the  1980  sample 
date  blue  grama  had  increased  significantly  on  all  mowed  treatments  greater 
than  on  unmowed  treatments  (p  less  than  0.01).   This  ground-hugging  grass  had 
higher  cover  values  on  the  SWT  -  mowed  plots  than  any  other  class  of  living 
vegetation  showed  during  the  study. 

The  other  perennial  plants  recorded  changed  in  ways  consistent  with  the 
tiller  and  biomass  proportion  data.   That  is  western  wheatgrass  and 
needleandthread  grass  declined  under  SWT  -  mowed  conditions  and  increased  under 
the  WET  -  unmowed  regime  (p  less  than  0.05).   Other  changes  in  live  plant  cover 
values  are  insignificant. 

Litter  cover  increased  sharply  (p  less  than  0.05)  from  1978  to  1979  as  the 
great  mass  of  material  produced  in  that  wet  year  fell  to  the  ground  but  litter 
estimates  declined  again  in  1979-1980  (p  less  than  0.05).   Bare  ground  cover 
values  tended  to  drop  with  added  water  indicating  that  vegetation  production  is 
successfully  covering  more  ground. 

Height  of  vegetation  (Figure  10)  was  significantly  greater  under  all 
unmowed  than  mowed  treatments  (p  less  than  0.001),  as  anticipated,  and  shows 
significant  correlations  with  lesser  periods  of  water  stress  for  both  mowing 
states.   The  tallest  vegetation  was  measured  before  the  1978  hail  storm  and 
mean  heights  never  again  approached  those  levels,  even  in  the  WET-unmowed 
condition.   Except  for  the  1978  data  there  is  no  significant  change  in  height 
from  June  to  August  under  the  unmowed  conditions.   Under  the  mowed  regime  mean 
height  increased  in  1979  but  fell  in  1980.   The  severe  1980  water  stress 
conditions  apparently  caused  death  of  upper  leaves  on  all  treatments. 

Nutrient  concentrations  in  plant  tissue  are  important  regulators  of 
herbivore  consumption.   Cattle,  for  instance,  require  particular  quantities  of 
many  different  nutrients  to  gain  weight  adequately.   Nitrogen  is  the  most 
influential  mineral  nutrient  affecting  herbivore  growth  because  it  is  essential 
for  protein  construction.   This  element  was  measured  in  the  four  dominant 
perennial  forage  species,  irregularly  in  1978,  and  on  a  monthly  basis  in  1979 
during  the  growing  season.   Tables  8-11  display  the  plant's  N  concentration  as 
affected  by  water  and  mowing  treatments . 

The  general  pattern  of  change  in  N  concentration  with  season  is  a  decline 
from  an  early  growing  season  peak.   All  four  species  show  that  general  trend. 
The  sedge  and  blue  grama  have  somewhat  lower  N  contents  than  the  two  cool 
season  grasses  yet  exhibit  much  less  dramatic  change  through  the  season. 

15  7 


Table  7.   Visually  estimated  ground  cover  during  August  1978-1980,  as 
influenced  by  water  and  mowing  treatments.   See  text  for  treatment 
specifications . 


MOWING 

DRT 

CTL 

SWT 

WET 

COVER  TYPE 

TREATMENT 

1 

2 

1 

2 

1 

2 

1 

2 

1978 

UNMOWED 

Bare  Ground 

69 

53 

46 

62 

70 

65 

52 

48 

Litter 

10 

13 

20 

17 

11 

12 

13 

17 

Agsm 

5 

4 

16 

7 

9 

7 

10 

12 

Bogr 

4 

3 

7 

4 

5 

2 

4 

3 

Cati 

5 

12 

0 

0 

0 

6 

2 

4 

Stco 

2 

9 

4 

5 

3 

3 

11 

6 

Annual  Grasses 

3 

2 

2 

2 

2 

2 

2 

0 

Forbs 

1 

3 

4 

2 

3 

3 

5 

6 

Other  Plants 

1 

1 

1 

1 

2 

0 

1 

4 

1978 

MOWED 

Bare  Ground 

50 

57 

49 

39 

53 

42 

56 

69 

Litter 

21 

22 

31 

38 

18 

21 

25 

17 

Agsm 

4 

4 

4 

6 

5 

8 

6 

4 

Bogr 

7 

5 

8 

7 

14 

15 

5 

4 

Cafi 

9 

1 

0 

1 

1 

0 

0 

0 

Stco 

5 

5 

2 

3 

3 

3 

4 

4 

Annual  Grasses 

1 

1 

1 

1 

1 

1 

1 

0 

Forbs 

2 

5 

3 

3 

4 

4 

4 

4 

Other  Plants 

1 

1 

2 

2 

2 

2 

2 

1 
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Table  7  (continued) 

1979  UNMOWED 

Bare  Ground 

Litter 

Agsm 

Bogr 

Cati 

Step 

Annual  Grasses 

Forbs 

Other  Plants 

1979  MOWED 
Bare  Ground 

Litter 

Agsm 

Bogr 

Cafi 

Stco 

Annual  Grasses 

Forbs 

Other  Plants 

1980  UNMOWED 
Bare  Ground 

Litter 
Agsm 
Bogr 
Cafi 


22 

14 

24 

25 

17 

15 

14 

23 

50 

26 

42 

42 

40 

37 

33 

31 

10 

4 

8 

7 

17 

15 

23 

15 

6 

4 

8 

6 

13 

7 

9 

7 

11 

18 

0 

6 

0 

16 

7 

4 

1  ■ 

13 

1 

4 

0 

3 

5 

6 

6 

8 

9 

7 

2 

3 

3 

2 

3 

6 

6 

3 

3 

4 

4 

5 

1 

7 

2 

0 

8 

0 

2 

6 

31 

32 

26 

26 

21 

17 

26 

29 

39 

33 

42 

42 

48 

46 

33 

30 

5 

3 

9 

5 

7 

8 

13 

12 

7 

10 

9 

9 

15 

17 

8 

9 

8 

3 

0 

1 

2 

1 

0 

5 

5 

9 

2 

4 

1 

2 

5 

2 

4 

3 

8 

9 

2 

6 

4 

3 

1 

6 

3 

3 

4 

3 

3 

5 

0 

1 

1 

1 

0 

0 

8 

5 

59 

34 

54 

52 

28 

38 

8 

12 

18 

21 

27 

28 

31 

32 

42 

43 

5 

6 

5 

4 

12 

14 

25 

19 

7 

6 

9 

8 

18 

14 

8 

4 

8 

13 

1 

5 

2 

18 

6 

5 
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Table  7  (continued) 
Stco 

Annual  Grasses 

Forbs 

Other  Plants 

1980  MOWED 

Bare  Ground 

Litter 

Agsm 

Bogr 

Cafi 

Stco 

Annual  Grasses 

Forbs 

Other  Plants 


1 

11 

1 

2 

1 

2 

7 

8 

0 

0 

0 

0 

1 

0 

0 

0 

1 

3 

2 

1 

1 

1 

3 

2 

1 

6 

1 

0 

6 

1 

1 

7 

52 

36 

49 

49 

15 

22 

20 

24 

36 

31 

28 

32 

41 

40 

38 

32 

2 

1 

6 

3 

2 

3 

15 

17 

11 

16 

12 

13 

36 

31 

11 

13 

7 

5 

1 

2 

1 

1 

1 

4 

1 

8 

2 

1 

1 

1 

6 

3 

0 

0 

0 

0 

2 

1 

0 

0 

0 

3 

1 

0 

2 

1 

2 

4 

1 

0 

1 

0 

0 

0 

7 

3 
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Figure  10.   Vegetation  height,  x  +  one  s.e.,  at  HIPLEX  shortgrass  rangeland 
site  under  water  and  mowing  treatments.   Experimental  replicates  separated. 
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Table  8.   Nitrogen  concentration  (%  ash-free  dry  weight),  Avg  ±  one  s.e.,  in 
western  wheatgrass  as  influenced  by  water  and  mowing  treatments.   See  text 
for  treatment  specification. 

MOISTURE  REGIME 


Sample 

Mowing 

DRT 

CTL 

SWT 

WET 

Date 

Treatment 

1 

2 

1 

2 

1      2 

1     2 

1/5/78 

U 

™ 

™ 

2.80 
(.06) 

2.82 
(.05) 

—             — 

~           — 

16/6/78 

u 

*" 

"" 

2.21 
(.08) 

2.26 
(.09) 

_             _ 

"       " 

12/6/78 

u 

— 

a. 

1.75 
(.06) 

1.78 
(.07) 

"        " 

15/8/78 

u 

0.99 

1.16 

0.99 

1.02 

1.14   1.05 

1.22   1.03 

(.02) 

(.06) 

(.02) 

(.04) 

(.03)  (.03) 

(.05)  (.02) 

M 

0.96 

1.26 

1.11 

0.98 

1.50   1.50 

1.65   1.79 

(.03) 

(.05) 

(.03) 

(.04) 

(.02)  (.04) 

(.05)  (.06) 

17/5/79 

U 

3.61 

3.68 

3.14 

3.65 

3.36   3.35 

3.39   3.27 

(.05) 

(.06) 

(.07) 

(.03) 

(.04)  (.03) 

(.06)  (.07) 

M 

3.29 

3.54 

3.33 

3.29 

3.42   3.24 

3.39   3.15 

(.07) 

(.07) 

(.06) 

(.08) 

(.07)  (.08) 

(.08)  (.07) 

15/6/79 

U 

2.22 

2.08 

2.02 

1.95 

1.96   2.00 

2.20   1.96 

(.06) 

(.07) 

(.08) 

(.06) 

(.09)  (.07) 

(.08)  (.07) 

M 

2.11 

2.00 

1.91 

1.95 

2.06   1.99 

2.00   2.13 

(.08) 

(.07) 

(.06) 

(.07) 

(.09)  (.06) 

(.07)  (.06  ) 

18/7/79 

U 

1.90 

1.87 

1.75 

1.93 

1.98   1.75 

1.82   1.82 

(.06) 

(.06) 

(.08) 

(.10) 

(.09)  (.04) 

(.05)  (.06) 
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Table  8  (continued) 

M        1.99  1.64  1.67  1.68  1.92  2.02  1.97  2.01 

(.06)  (.07)  (.07)  (.09)  (.09)  (.08)  (.10)  (.11) 

16/8/79    U        1.84  1.63  1.63  1.65  1.59  1.63  1.84  1.77 

(.09)  (.03)  (.04)  (.05)  (.06)  (.04)  (.07)  (.06) 

M        2.35  1.84  1.68  1.88  1.74  1.72  1.90  1.92 

(.07)  (.08)  (.07)  (.05)  (.08)  (.07)  (.09)  (.09) 

12/9/79    U        1.81  1.75  1.54  1.57  1.66  1.30  1.60  1.71 

(.09)  (.04)  (.02)  (.03)  (.04)  (.05)  (.06)  (.07) 

M        2.37  1.93  1.93  1.78  2.23  1.86  1.84  2.20 

(.09)  (.10)  (.12)  (.10)  (.13)  (.10)  (.09)  (.08) 
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Table  9.   Nitrogen  concentrations  (%  ash-free  dry  weight),  Avg  ±  one  s.e.,  in 
blue  grama  as  influenced  by  water  and  mowing  treatments.   See  text  for  treatment 
specifications . 

MOISTURE  REGIME 


Sample 

Mowing 

DRT 

CTL 

SWT 

WET 

Date 

Treatment 

1 

2 

1 

2 

1 

2 

1      2 

4/5/78 

U 

" 

— 

2.53 
(.03) 

2.59 
(.02) 

- 

- 

-      - 

23/5/78 

U 

- 

- 

2.21 

2.13 

- 

- 

- 

15/8/78 

U 

1.04 

1.19 

1.22 

1.12 

1.18 

1.16 

1.35   1.34 

(.02) 

(-01) 

(.02) 

(.01) 

(.02) 

(.04) 

(.03)  (.07) 

M 

1.08 

1.37 

(.34 

1.26 

1.31 

1.26 

1.40   1.59 

(.06) 

(.03) 

(.03) 

(.02) 

(-02) 

(.01) 

(.01)  (.02) 

17/5/79 

U 
M 
U 

- 

- 

- 

- 

- 

- 

- 

15/6/79 

1.98 

2.20 

1.97 

1.91 

1.88 

1.60 

1.90   1.92 

(.04) 

(.03) 

(.02) 

(.02) 

(.04) 

(.05) 

(.02)  (.01) 

M 

1.92 

2.22 

2.21 

1.90 

2.20 

1.87 

2.12   2.17 

(.03) 

(.02) 

(.02) 

(.03) 

(.02) 

(.04) 

(.03)  (.03) 

18/7/79 

U 

1.87 

1.56 

1.29 

1.60 

1.61 

1.50 

1.64   1.44 

(.02) 

(.02) 

(.01) 

(.03) 

(.02) 

(.04) 

(.02)  (.03) 

M 

1.96 

1.91 

1.65 

1.70 

1.65 

1.63 

1.83   1.70 

(.03) 

(.03) 

(.02) 

(.02) 

(.03) 

(.02) 

(.03)  (.04) 

16/8/79 

U 

2.05 

1.56 

1.69 

1.95 

1.52 

1.65 

1.57   1.38 

(.02) 

(-02) 

(.02) 

(.03) 

(.02) 

(.03) 

(.01)  (.04) 

M 

1.78 

1.62 

1.57 

1.68 

1.31 

1.41 

1.61   1.54 

(.03) 

(.04) 

(.05) 

(.02) 

(.03) 

(.04) 

(.02)  (.03) 
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Table   9    (Continued) 

12/9/79  U  1.66  1.55  1.74  1.55  1.53  1.37  1.72  1.47 

(.02)  (.02)  (.03)  (.03)  (.04)  (.05)  (.02)  (.02) 

M  1.91  1.61  1.63  1.62  1.30  1.41  1.60  1.48 

(.01)  (.02)  (.01)  (.01)  (.02)  (.03)  (.04)  (.02) 
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Table  10.   Nitrogen  concentrations  (%  ash-free  dry  weight),  Avg  ±  one  s.e.,  in 
dryland  sedge  as  influenced  by  water  and  mowing  treatments.   See  text  for  treatment 
specifications . 


MOISTURE 

REGIME 

Sample 

Mowing 

DRT 

CTL 

SWT 

WET 

Date 

Treatment 

1      2 

1 

2 

1      2 

1     2 

1/5/78 

U 

"               ™ 

2.49 
(.12) 

2.54 
(.14) 

™               "* 

~             ™ 

16/5/78 

U 

—               " 

2.31 
(.05) 

2.37 
(.05) 

™"               — 

—               — 

15/6/78 

u 

—               — 

1.96 
(.03) 

2.02 
(.04) 

~               — 

™               ~ 

15/8/78 

u 

1.31   1.20 
(.09)  (.03) 

— 

— 

1.29 
(.03) 

1.47   1.44 
(.03)  (.04) 

M 

1.28   1.31 
(.03)  (.03) 

"" 

— 

1.30 
(.07) 

1.51 
(.04) 

17/5/79 

u 

2.57   2.59 

2.38 

2.63 

2.34   2.21 

2.14   2.26 

(.05)  (.06) 

(.04) 

(.05) 

(.07)  (.04) 

(.06)  (.07) 

M 

2.50   2.48 

2.47 

2.38 

2.45   2.39 

2.12   2.12 

(.04)  (.03) 

(.04) 

(.03) 

(.02)  (.03) 

(.02)  (.01) 

15/6/79 

U 

2.21   2.27 

2.05 

2.06 

1.89   1.75 

1.75   2.02 

(.05)  (.06) 

(.02) 

(.03) 

(.01)  (.02) 

(.02)  (.03) 

M 

2.01   2.10 

2.08 

2.01 

1.98   1.96 

2.18   2.09 

(.02)  (.02) 

(.02) 

(.03) 

(.02)  (.02) 

(.02)  (.03) 

18/7/79 

U 

1.46   1.45 

1.43 

1.33 

1.38   1.36 

1.43   1.41 

(.03)  (.03) 

(.04) 

(.02) 

(.03)  (.04) 

(.05)  (.01) 
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Table  10  (continued) 

M         1.46  1.31  1.36  1.31  1.32  1.35  1.43  1.42 

(.03)  (.04)  (.05)  (.06)  (.02)  (.03)  (.04)  (.04) 

16/8/79     U         1.43  1.45  1.26  1.37  1.25  1.16  1.31  1.28 

(.04)  (.04)  (.03)  (.05)  (.06)  (.04)  (.03)  (.02) 

M         1.86  1.50  1.43  1.52  1.31  1.34  1.23  1.32 

(.07)  (.06)  (.04)  (.05)  (.02)  (.02)  (.01)  (.03) 

12/9/79     U         1.62  1.64  1.60  1.67  1.22  1.23  1.51  1.55 

(.03)  (.02)  (.02)  (.03)  (.01)  (.02)  (.02)  (.02) 

M         2.09  1.40  1.34  1.45  1.23  1.51  1.37  1.25 

(.06)  (.07)  (.01)  (.04)  (.06)  (.02)  (.03)  (.01) 
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Table  11.   Nitrogen  concentrations  (%   ash-free  dry  weight),  Avg  ±  one  s.e.  in 


needleandthread  grass  as  influenced  by  water  and  mowing  treatments 
treatment  specifications. 


See  text  for 


MOISTURE  REGIME 


Sample 

Mowing 

DRT 

CTL 

SWT 

WET 

Date 

Treatment 

1       2 

1 

2 

1       2 

1      2 

1/5/78 

U 

- 

2.55 
(.02) 

2.51 
(.02) 

- 

- 

22/5/78 

U 

™               ™ 

2.09 
(.02) 

2.14 
(.03) 

"         " 

—               ■* 

12/6/78 

u 

™               — 

1.20 
(.02) 

1.23 
(.02) 

™               ™ 

™               ™ 

15/8/78 

u 

1.13 

1.29 

1.10 

1.21   1.62 

1.41   1.46 

(.04) 

(.06) 

.06) 

(.03)  (.14) 

(.07)  (.03) 

M 

1.47   1.73 

1.73 

1.58 

1.59 

1.86 

(.02)  (.03) 

(-04) 

(-02) 

(.08) 

(.06) 

17/5/79 

u 

2.33   2.60 

2.56 

2.16 

2.40   1.80 

2.45   2.09 

(.05)  (.03) 

(.02) 

(.06) 

(.07)  (.05) 

(.04)  (.04) 

M 

2.62   2.23 

2.25 

2.30 

1.87   1.95 

2.03   2.09 

(.04)  (.03) 

(.05) 

(.04) 

(.04)  (.04) 

(.03)  (.04) 

15/6/79 

U 

2.07   2.09 

2.13 

2.04 

1.91   1.85 

1.94   1.93 

(.03)  (.02) 

(.01) 

(.02) 

(.04)  (.06) 

(.02)  (.02) 

M 

2.29   2.18 

2.19 

2.20 

2.16   1.96 

2.14   2.24 

(.04)  (.03) 

(.05) 

(.04) 

(.04)  (.04) 

(.03)  (.04) 

18/7/79 

U 

1.61   1.46 

1.45 

1.58 

1.54   1.45 

1.56   1.57 

(.02)  (.01) 

(-04) 

(.03) 

(.02)  (.03) 

(.03)  (.03) 
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Table  11  (continued) 

M         1.46  1.45 

(.04)  (.07)  (.02)  (.02)  (.03)  (.02)  (.05)  (.04) 

16/8/79     U         1.44  1.56  1.56  1.69  1.43  1.29  1.63  1.43 

(.05)   (.05)  (.06)  (.08)  (.02)  (.09)  (.05)  (.04) 

M         2.15  1.72  1.59  1.73  1.89  1.89  1.75  1.80 

(.09)   (.10)  (.08)  (.09)  (.02)  (.03)  (.06)  (.03) 

12/9/79     U         1.68  1.42  1.47  1.40  1.34  1.45  1.43  1.34 

(.03)  (.02)  (.04)  (.02)  (.02)  (.07)  (.04)  (.03) 

M         1.95  1.62  1.50  1.58  1.47  1.55  1.63  1.77 
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Comparisons  are  not  meaningful  between  years  because  the  1978  analysis  included 
brown  (probably  dead)  plant  tissue  which  has  a  low  N  concentration. 

Some  treatment  effects  on  N  concentration  may  be  seen  in  the  data.   Western 
wheatgrass  and  needleandthread  grass  N  concentration  in  the  late  summer  is 
increased  by  mowing  (p  less  than  0.001);  the  other  two  species  do  not  show  that 
increase  as  mowing  did  not  remove  very  much  of  their  old  tissue.   In  1978  when 
total  biomass  was  analyzed  for  N  the  watering  caused  a  significant  increase  in 
N  concentration,  particularly  in  the  mowed  portions  of  each  plot.   No  such 
overall  trend  could  be  found  in  1979  suggesting  that  green,  active  tissue 
remains  at  a  reasonably  constant  N  concentration  and  that  the  plants  control 
total  N  content  by  adjusting  the  proportion  of  tissue  that  remains  green.   One 
consistent  feature  of  the  data  is  the  high  late  summer,  1979  N  concentrations 
in  each  of  the  four  species  under  the  DRT  1  regime.   Plants  respond  to  severe 
stress  by  elevating  amino  acid  concentrations  in  green  leaf  tissue,  (Barnett 
and  Naylor  1966);  such  a  response  may  have  been  shown  here. 

Summary 

Forage  yield,  and  a  variety  of  more  sensitive  response  variables,  are 
positively  affected  by  additions  to  soil  water  reserves  in  this  short  grass 
ecosystem.   Vegetative  growth  characteristics,  particularly  tiller  production, 
are  synergistically  affected  by  water  and  mowing  treatments.   Except  for  blue 
grama,  seed  production  increases  the  most  where  water  is  added  but  mowing  is 
excluded.   Mowing  and  spring  wet  conditions  facilitate  the  spread  of  blue  grama 
such  that  higher  yielding  species  are  displaced.   Removal  of  cool  season  grass 
leaves  before  carbohydrate  reserves  are  replenished,  a  rise  in  sunlight 
intensity  on  the  leaves,  and  blue  grama's  tolerance  of  a  short  water  deficit 
period  are  responsible.   Weedy,  annual  grass  species  are  excluded  from 
increasingly  wet  soil  treatments  but  nearly  disappear  in  a  drought  year.   Plant 
nitrogen  concentration  is  positively  affected  by  water  and  mowing  together  but 
shows  only  slight  change  where  mowing  is  excluded. 
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VEGETATIONAL  DIFFERENCES  ON  NATIVE  RANGE  DURING 
38  YEARS  IN  EASTERN  MONTANA 

By 

L.  White,  J.  Newbauer,  and  J.  Wight 

(Reprinted  from  the  Proceedings  of 
the  First  International  Range land 
Congress  1978.  pp.  260-262 

Abstract 
Vegetation  was  charted  on  19  permanently  located  plots  (30  by  152  cm)  on 
five  sites  near  Mildred,  Montana,  in  1938  (2  years  after  a  severe  drought),  in 
1963  (2  years  after  another  severe  drought),  and  in  1976  (15  years  after  a 
severe  drought).   The  1960 's  drought  was  not  as  severe  as  the  1930* s  drought. 
The  frequency  of  occurrence  of  two  of  the  four  major  species  increased  on  all 
sites  from  1938  to  1963;  however,  these  species  increased  on  only  two  or  three 
of  the  five  sites.   During  the  moist  period  after  the  1960 's  drought,  western 
wheatgrass  (Agropyron  smithii) ,  threadleaf  sedge  (Carex  f ilif olia) ,  and 
needleandthread  (Stipa  comata)  increased  on  all  sites,  but  they  increased  on 
some  more  than  on  others.   Needleandthread  and  prairie  junegrass  (Koeleria 
cristata)  seemed  to  be  the  least  drought  tolerant  species,  whereas  blue  grama 
(Bouteloua  gracilis)  and  threadleaf  sedge  seemed  to  be  most  drought  tolerant. 

Introduction 
Management  of  rangelands  in  the  northern  Great  Plains  requires  a  knowledge 
of  vegetation  responses  to  both  grazing  intensity  and  periods  of  above-  and 
below-normal  precipitation.   Livestock  grazing  intensity  can  be  controlled,  but 
we  are  just  beginning  experiments  to  enhance  precipitation. 

Moist  and  dry  periods  have  had  a  pronounced  effect  upon  the  vegetation  of 
the  northern  Great  Plains.   The  1930* s  drought  reduced  blue  grama  (Bouteloua 
gracilis) ,  western  wheatgrass  (Agropyron  smithii) ,  and  needleandthread  (Stipa 
comata)  90%  in  eastern  Montana  (Ellison  and  Woolfolk  1937;  Hurtt  1951;  Reed  and 
Peterson  1961)  and  50%  in  western  North  Dakota  (Sarvis  1941;  Whitman  et  al. 
1943) .   They  found  that  this  drought  only  reduced  threadleaf  sedge  (Carex 
filifolia)  12  to  55%.   Sandberg  bluegrass  (Poa  secunda)  increased  75  to  180% 
the  first  2  years  after  the  drought.   The  1930* s  drought  reduced  the  basal 
cover  of  the  vegetation  from  26%  in  1929  to  21%  in  1936  in  southern  Alberta 
(Clarke  et  al.  1943).   Vegetation  returned  to  the  predrought  level  by  the  early 
1940 's  during  a  period  of  near-normal  or  above-normal  precipitation  in  eastern 
Montana  (Woolfolk  1949;  Reed  and  Peterson  1961)  and  western  North  Dakota 
(Sarvis  1941;  Whitman  et  al .  1943). 

The  objectives  of  this  study  were  to  compare:   (1)  rangeland  vegetation 
present  after  the  1936  drought  with  that  present  after  the  1961  drought,  and 
(2)  rangeland  vegetation  present  after  the  1961  drought  with  that  present  after 
an  extended  period  of  near-normal  or  above-normal  precipitation  (1963  to  1976). 

Methods 
This  study  was  conducted  at  five  sites  within  43  km  of  each  other  near 
Mildred,  in  southeastern  Montana.   Sites  nos .  1  and  2  were  on  silty  range 
sites,  site  no.  3  was  on  a  sandy  range  site,  and  sites  nos.  4  and  5  were  on 
thin  hilly  range  sites  as  classified  by  the  Soil  Conservation  Service  in 
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Montana  (Table  1).   Five  30  by  152  cm  (1  by  5  ft)  permanently  marked  chart 
plots  were  established  at  each  site  in  1936.   Plots  were  located  about  130  m 
apart  around  the  perimeter  of  a  quarter  circle  at  each  site.   Some  plots  were 
lost  over  the  years,  leaving  four  plots  at  site  nos .  1  through  4  and  three 
plots  at  site  no.  5. 

The  vegetation  was  charted  on  the  basis  of  5-  by  5-cm  (2-  by  2-inch)  grid 
in  1936  and  at  irregular  intervals  thereafter.   Since  we  were  interested  in 
major  effects  of  weather  on  species,  we  compared  data  obtained  in  1938  (2  years 
after  a  severe  drought),  in  1963  (2  years  after  another  severe  drought),  and  in 
1976  (15  years  after  a  severe  drought). 

Small-chart  plots  provide  good  detail  on  small  areas,  but  they  evaluate 
community  dynamics  rather  poorly.   For  this  reason,  we  considered  only  major 
effects.   After  considering  basal  area,  density,  and  frequency  of  occurrence, 
we  evaluated  site  and  year  differences  by  frequency  of  occurrence  in  10-  by  10- 
cm  (4-  by  4-inch)  quadrats.   This  basis  provided  45  quadrats/plot  and  180 
quadrats/site  on  sites  1  through  4  and  150  quadrats  on  site  5.   Missing  data 
were  calculated  for  one  plot  at  location  5  to  obtain  an  orthogonal  data  set  for 
analysis.   Thus,  the  sources  of  variation  were  as  follows:   5  sites,  4  plots 
within  each  site  (error  a),  3  years,  sites  by  years  interaction,  and  remainder 
(error  b) .   Because  the  frequency-of-occurrence  percentages  often  were 
numerically  small,  we  substituted  l/4n  for  0%  and  1001/4n  for  100%  (n  being  the 
divisor)  as  suggested  by  Bartlett  (1947)  and  then  transformed  the  percentages 
to  angular  values  (Bliss  1937).   We  compared  site  means  using  Duncan's  multiple 
range  test.   Differences  within  years  when  averaged  over  all  sites  were 
compared  with  the  appropriate  Least  Significant  Differences  (LSD)  test  on  the 
transformed  means.   The  binomial  confidence  limits  were  used  on  the 
untransformed  data  to  determine  significant  differences  within  years  on  each 
site. 

Weather  conditions  from  67  years  of  record  at  Mildred,  and  from  99  years  of 
record  at  Miles  City  (75  km  southeast  of  Mildred)  were  used  to  determine  the 
severity  of  drought  conditions.   Annual  fluctuations  in  precipitation  and 
temperature  were  minimized  and  trends  accentuated  by  calculating  annual 
averages  of  overlapping  2-yr  periods.   These  moving  averages  were  plotted  as 
occurring  in  the  second  year  of  each  2-yr  period. 

All  study  sites  were  heavily  grazed  by  cattle,  sheep,  and  horses  until 
allotments  were  fenced  in  the  late  1940' s.   Since  then  the  Bureau  of  Land 
Management  records  at  Miles  City  showed  that  sites  1,  3,  and  5  were  moderately 
grazed  by  cattle  from  April  through  October.   Site  2  was  occasionally  heavily 
grazed  by  cattle  and  sheep  from  May  through  October  since  1960.   Site  4  was 
only  moderately  grazed  by  cattle  and  sheep  during  the  winter  and  early  spring 
since  1940. 

Results  and  Discussion 
Weather  During  the  Study 

Annual  precipitation  at  Mildred  from  67  years  of  record  averaged  33  cm,  26 
cm  (79%)  of  which  fell  during  the  growing  season  (April  to  September).   The  2- 
year  average  of  growing  season  precipitation  at  Mildred  ranged  from  13  to  39  cm 
(Fig.  1).   Precipitation  was  at  least  1/3  below-normal  for  4  years  during  the 
1930 's  drought  and  for  2  years  during  the  early  1960 's  drought.   Precipitation 
was  at  least  1/3  above-normal  in  the  early  1940 's  and  again  in  1973.   The  mean 
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Table  1 

Characti 

eristics  of  s 

tudy 

sites . 
Soil 

Site 

Range 

Soil 

depth 

Slope 

No. 

site 

texture 

(cm) 

(%) 

Physiography 

1 

Silty 

Loam 

90 

1 

Terrace  along 
upland  creek 

2 

Silty 

Loam 

80-100 

5 

Slope  of  rolling 
upland 

3 

Sandy 

Fine 

sandy 

loam 

90 

4 

Slope  of  rolling 
upland 

4 

Thin 

hilly 

Loam  & 
fine 

30-70 

7 

Slope  of  steeply 

s  andy  1 

oam 

rolling  upland 

5 

Thin 

hilly 

Loam  &. 

clay 

13-70 

1 

Ridge  crest  of 

loam 

steeply  rolling 

upland 
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January  and  July  temperatures  at  Mildred  averaged  -9.3  and  22.6  C, 
respectively,  from  56  years  of  record.   The  2-year  average  of  mean  June-August 
temperatures  ranged  from  19  to  23  C  (Fig.  1). 

Vegetation  on  Study  Sites 

Average  percent  frequency  of  occurrence  of  six  species,  when  averaged  over 
1938,  1963,  and  1976  differed  significantly  among  sites  (Table  2).  Although 
sites  1  and  2  are  on  silty  range  sites,  site  1  contained  no  threadleaf  sedge 
and  was  the  only  site  that  contained  buf falograss  (Buchloe  dactyloides) .   Site 
2  contained  the  highest  frequency  of  blue  grama,  needleandthread,  and 
needleleaf  sedge  (Carex  eleocharis) .   Sites  4  and  5  are  on  thin  hilly  range 
sites,  but  site  4  contained  species  like  stonyhills  muhly  (Muhlenbergia 
cuspidata) ,  little  bluestem  (Andropogon  scoparius) ,  and  sideoats  grama 
(Bouteloua  curtipendula) ,  which  were  not  present  at  site  5.   Site  5  had  the 
shallowest  soil  and  contained  more  threadleaf  sedge  than  other  sites. 

Vegetational  Differences  Between  1938  and  1963 

The  vegetation  in  both  1938  and  1963  was  charted  two  years  after  a  severe 
drought  when  the  effects  were  still  fully  present.   Two  of  the  major  four 
species  significantly  increased  on  each  site  but  no  species  increased  the  same 
on  all  sites  (Table  3).   Blue  grama  decreased  28  percentage  points  on  site  1 
(silty)  but  increased  over  10  percentage  points  on  site  nos .  4  and  5  (thin 
hilly).   Western  wheatgrass  increased  12,  20,  and  47  percentage  points  on  sites 
2  (silty),  1  (silty),  and  4  (thin  hilly),  respectively.   Threadleaf  sedge 
increased  9,  15,  and  17  percentage  points  on  sites  3  (sandy),  5  (thin  hilly), 
and  2  (silty),  respectively.   Needleandthread  increased  9  percentage  points  on 
site  1  (silty)  and  17  percentage  points  on  site  3  (sandy). 

Of  the  minor  species,  needleleaf  sedge,  which  was  not  present  on  any  site 
in  1938,  increased  7  percentage  points  on  site  3  (sandy)  and  23  percentage 
points  on  site  2  (silty)  (Table  4).   This  species  also  greatly  increased  in 
western  North  Dakota  after  the  1930' s  drought  (Whitman  et  al.  1943).   Prairie 
junegrass,  which  was  present  on  only  site  4  (thin  hilly)  in  1938,  decreased  8 
percentage  points  by  1963  on  this  site.   Fringed  sagewort  (Artemisia  frigida) 
increased  6  percentage  points  on  site  1  (silty)  (Table  5).   Scarlet  globemallow 
(Sphaeralcea  coccinea) ,  which  was  not  present  in  1938,  significantly  increased 
10  percentage  points  on  site  2  (silty)  (Table  5).   No  significant  difference  in 
frequency  could  be  determined  for  buf falograss ,  stonyhills  muhly  (Table  4), 
Hood's  phlox  (Phlox  hoodii) ,  rush  skeletonplant  (Lygodesmia  juncea)  between 
1938  and  1963  (Table  5).   These  species  either  were  not  present  on  enough  plots 
within  a  site  or  in  large  enough  numbers  to  detect  differences. 

Vegetational  Differences  Between  1963  and  1976 

The  15  years  of  near-normal  or  above-normal  precipitation  after  the  1960's 
drought  should  have  eliminated  most  of  the  drought  effects.   This  moist  period 
generally  increased  three  of  the  four  major  species  on  all  sites,  but  these 
increases  were  not  consistent  on  all  sites  (Table  3).   Needleandthread 
increased  the  most  of  any  species,  an  average  of  26  percentage  points  on  four 
sites  (sites  2,  3,  4,  5)  but  only  6  percentage  points  on  site  1  (silty). 
Western  wheatgrass  increased  over  20  percentage  points  on  sites  2  (silty)  and  5 
(thin  hilly)  but  less  than  8  percentage  points  on  the  other  three  sites. 
Threadleaf  sedge  significantly  increased  an  average  of  6  percentage  points  on 
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Table  2 
and  1976. 


Average  percent  frequency  of  12  species  by  site  over  1938,  1963, 


Site  No. 

1 

2 

3 

4 

5 

Range 

Site 

Plant 

Thin 

Thin 

species 

Silty 

Silty 

Sandy 

hilly 

hilly 

Sedges 

Threadleaf  sedge 

Ocl 

39b 

14b 

33b 

87a 

Needleleaf  sedge 

lb 

15a 

lOab 

lb 

lb 

Grasses 

Blue  grama 

64ab 

87a 

70ab 

36bc 

30c 

Western  wheatgrass 

44a 

38a 

39a 

38a 

9a 

Needleandthread 

9b 

50a 

30ab 

23b 

20b 

Prairie  junegrass 

Oa 

7  a 

2a 

11a 

Oa 

Buf falograss 

32a 

Ob 

Ob 

Ob 

Ob 

Stonyhills  muhly 

Ob 

Ob 

Ob 

7a 

Ob 

Forbs 

Hood's  phlox 

Oa 

6a 

Oa 

7a 

8a 

Rush  skeletonplant 

Oa 

Oa 

2a 

2a 

Oa 

Scarlet  globemallow 

4a 

4a 

la 

la 

la 

Half  shrub 

Fringed  sagewort 

6a 

3a 

Oa 

3 

8a 

1.   Values  followed  by  the  same  letter  within  a  species  do  not  differ  at  the 
5%  level  of  significance. 
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Table  3.   Percent  frequency  of  major  grasses  and  sedge  on  180  (10  by  10  cm) 
quadrats  in  1938,  1963,  and  1976  for  various  range  sites. 


Site  No. 

1 

2 

3 
Range 

4 
site 

5 

Plant 

Thin 

Thin 

species 

Year 

Silty 

Silty 

Sandy 

hilly 

hilly  Avg. 

Blue  grama 

1938 

82 

82 

69 

23 

17 

(55) 

1963 

54*1 

87 

74 

38* 

27* 

(56) 

1976 

56 

92 

66 

46 

44*2 

(61) 

Western 

Wheatgrass 

1938 

28 

22 

41 

6 

0 

(20) 

1963 

48* 

34* 

36 

53* 

2 

(35)* 

1976 

56 

59* 

39 

57 

25* 

(47)* 

Threadleaf 

sedge 

1938 

0 

25 

6 

28 

76 

(27) 

1963 

0 

42 

15* 

33 

91 

(36)* 

1976 

0 

50* 

22* 

37* 

95* 

(41)* 

Needleandthread 

1938 

1 

42 

10 

16 

16 

(17) 

1963 

10* 

37 

27* 

16 

11 

(20) 

1976 

16 

7 1* 

53* 

38* 

33* 

(42)* 

1.  Significantly  different  at  5%  level  from  1938. 

2.  Significantly  different  at  5%  level  from  1963. 
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Table  4.   Percent  frequency  of  minor  grasses  and  sedge  on  180  (10  by  10  cm) 
quadrats  in  1938,  and  1963,  and  1976  for  various  range  sites. 


Site  No. 

1 

2 

3 

Range  si 

4 
te 

5 

Plant 

Thin 

Th 

in 

species 

Year 

Silty 

Silty 

Sandy 

hilly 

hi 

lly 

Avg. 

Needleleaf 

sedge 

1938 

0 

0 

0 

0 

0 

(0) 

1963 

0 

23*1 

7* 

2 

0 

(16)* 

1976 

4 

23 

22*2 

0 

3 

(10) 

Prairie 

junegrass 

1938 

0 

0 

0 

10 

0 

(2) 

1963 

0 

3 

0 

2* 

0 

(1) 

1976 

0 

18* 

7* 

22* 

1 

(9)* 

Buf falograss 

1938 

28 

0 

0 

0 

0 

(6) 

1963 

38 

0 

0 

0 

0 

(8) 

1976 

29 

0 

0 

0 

0 

Stonyhills 

muhly 

1938 

0 

0 

0 

4 

0 

(1) 

1963 

0 

0 

0 

6 

0 

(1) 

1976 

0 

0 

0 

12 

0 

(2) 

1.  Significantly  different  at  5%   level  from  1938. 

2.  Significantly  different  at  5%  level  from  1963. 
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Table  5.   Percent  frequency  of  half  shrub  and  forbs  on  180  (10  by  10  cm) 
quadrats  in  1938,  1963,  and  1976,  for  various  range  sites. 


Si 

te  No. 

1 

2 

3 

4 

5 

Range 

site 

Plant 

Thin 

Thin 

species 

Year 

Silty 

Si 

lty 

Sandy 

hilly 

hilly  Avg. 

Fringed  sagewort 

1938 

1 

0 

1 

3 

0 

(1) 

1963 

7*1 

3 

0 

2 

0 

(2) 

1976 

11 

5 

0 

5 

25  »2 

(9)* 

Hood's  phlox 

1938 

0 

6 

0 

0 

7 

(3) 

1963 

0 

7 

0 

6 

2 

(3) 

Rush  skeletonplant 

1938 

0 

0 

0 

0 

0 

(0) 

1963 

0 

0 

2 

1 

0 

(1) 

1976 

0 

1 

4 

4 

0 

(2) 

Scarlet  globemallow 

1938 

0 

0 

0 

0 

0 

(0) 

1963 

3 

10* 

0 

1 

0 

(3)* 

1976 

10* 

3* 

2 

1 

3 

(4) 

1.  Significantly  different  at  5%   level  from  1938. 

2.  Significantly  different  at  5%  level  from  1963. 
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sites  2  through  5.   Blue  grama  increased  17  percentage  points  on  site  5  (thin 
hilly),  but  did  not  change  significantly  on  the  other  sites. 

Needleleaf  sedge  increased  15  percentage  points  on  site  3  (sandy)  but  not 
on  the  other  sites  (Table  4).   Prairie  junegrass,  which  was  present  only  in 
very  small  amounts  in  1963,  increased  7,  15,  and  20  percentage  points  on  sites 
3  (sandy),  2  (silty) ,  and  4  (thin  hilly),  respectively.   Fringed  sagewort 
increased  25  percentage  points  on  site  4  (thin  hilly)  (Table  5).   Hood's  phlox 
increased  over  10  percentage  points  on  sites  4  and  5  (thin  hilly).   Scarlet 
globemallow  did  not  increase  consistently;  rather  it  increased  7  percentage 
points  on  site  1  (silty)  and  decreased  7  percentage  points  on  site  2  (silty). 
The  frequencies  of  buf f alograss ,  stonyhills  muhly  (Table  4),  and  rush 
skeletonplant  (Table  5)  were  not  significantly  different  between  1963  and  1976. 
Again  these  species  were  not  present  in  adequate  numbers  or  on  enough  plots 
within  a  site  to  determine  changes. 

Conclusions 

Precipitation  records  at  Miles  City,  Montana  for  the  last  99  years  showed 
that  a  severe  drought  (1/3  below-normal  precipitation)  occurred  every  5  to  15 
years  (average  9  years).   A  moist  period  (1/3  above-normal  precipitation) 
occurred  every  4  to  30  years  (average  12  years).   Such  variations  in 
precipitation  will  directly  affect  the  frequency  of  many  plant  species.   The 
degree  of  fluctuation  with  precipitation  will  depend  upon  the  species. 

This  study  shows  that  the  frequency  of  occurrence  of  needleandthread  and 
prairie  junegrass  increased  more  than  that  of  the  other  major  species  at  sites 
2  (silty),  3  (sandy),  4  (thin  hilly),  and  5  (thin  hilly)  during  the  moist 
period  after  the  1960 's  drought,  which  suggested  that  they  are  less  drought 
tolerant  than  the  other  species.   However,  the  frequency  of  blue  grama  and 
threadleaf  sedge  increased  less  than  the  other  species  during  the  moist  period, 
which  suggested  that  they  are  more  drought  tolerant  than  the  other  major 
species . 
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EFFECTS  OF  INCREASED  RAINFALL  ON  NATIVE  FORAGE 
PRODUCTION  IN  EASTERN  MONTANA 

By 

J.  Newbauer,  L.  White,  R.  Moy  and  D.  Perry 

(Reprinted  from  Journal  of  Range  Management .  1980.  33:246-250) 

Abstract 

Basal  area  data,  collected  from  five  sites  in  1963  and  1976,  were  compared 
to  determine  the  effects  of  13  years  of  above-average  rainfall  in  the  growing 
season  (April  through  September)  on  native  range  vegetation  of  the  northern 
Great  Plains.   Changes  in  basal  area,  composition,  and  forage  production  were 
analyzed  for  five  major  grass  and  grass-like  species.   During  the  13-year 
above-average  rainfall  period,  western  wheatgrass  (Agropyron  smithii) , 
needleandthread  (Stipa  comata) ,  and  prairie  junegrass  (Koeleria  cristata) 
established  or  increased  on  all  sites.   Threadleaf  sedge  (Carex  f ilifolia) 
increased  on  the  silty  thin  hilly  range  sites  but  decreased  on  the  sandy  range 
sites.   Blue  grama  (Bouteloua  gracilis)  decreased  on  all  sites.   Calculated 
forage  yield  of  these  five  species  more  than  doubled  on  the  silty  (110%)  and 
thin  hilly  (109%)  range  sites  and  increased  61%  on  the  sandy  range  sites.   The 
increase  in  forage  yield  decreased  the  amount  of  land  needed  for  grazing  by 
1.6,  0.7,  and  2.4  ha/cow-month  for  the  silty,  sandy,  and  thin  hilly  range 
sites,  respectively. 

Introduction 

It  is  well  known  that  changes  in  precipitation  will  alter  the  floristic 
composition  of  short  and  midgrass  prairies  in  the  northern  High  Plains  (Perry 
1976) .   Many  investigators  have  discussed  the  effects  of  droughts  upon 
rangeland  vegetation  but,  as  Coupland  (1959)  and  Perry  (1976)  have  stated, 
little  information  has  been  published  correlating  the  effects  of  many  years  of 
near-normal  or  above-normal  precipitation  upon  this  vegetation. 

The  short  and  midgrass  prairies  are  continually  changing,  with  climatic 
variables  determining  the  degree  of  dominance  of  each  species.   Generally, 
during  extended  dry  periods,  total  basal  area  decreases  and  species  composition 
shifts  toward  domination  by  the  short  grasses.   During  the  drought  of  the 
1930' s,  blue  grama  (Bouteloua  gracilis) ,  western  wheatgrass  (Agropyron 
smithii) ,  and  needleandthread  (Stipa  comata)  were  reduced  approximately  90%  in 
eastern  Montana  (Ellison  and  Woolfolk  1937;  Hurtt  1951;  Reed  and  Peterson 
1961).   This  drought  reduced  threadleaf  sedge  (Carex  f ilifolia)  only  12  to  55%. 
In  southern  Alberta,  Clarke  et  al.  (1947)  reported  that  total  basal  cover  was 
reduced  from  26%  in  1929  to  21%  in  1936  and  then  to  14%  by  1939.   In  eastern 
Montana,  needleandthread  and  prairie  junegrass  (Koeleria  cristata)  appear  to  be 
the  least  drought -tolerant  species,  whereas  blue  grama  and  threadleaf  sedge 
seem  to  be  the  most  drought-tolerant  species  (White  et  al.  1978). 

During  extended  periods  of  above-normal  precipitation,  total  ground  cover 
may  increase,  and  range  vegetation  may  shift  toward  a  more  mesic  type  in  which 
the  midgrasses  play  the  more  dominant  role  (Coupland  1958).   Coupland  (1959) 
reported  that  precipitation  averaged  about  20%  above  normal  and  temperature  1.7 
to  2.8  C  below  average  between  1950  and  1954  in  Alberta  and  Saskatchewan, 
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Canada,  and  that  total  basal  area  of  grasses  on  ungrazed  to  moderately  grazed 
sites  in  the  mixed  grass  prairie  doubled  between  1944  and  1954  and  the 
calculated  forage  yield  increased  by  137%.   The  two  principal  species  in  this 
region,  porcupine  needlegrass  (Stipa  spartea  var .  curiseta)  and  thickspike 
wheatgrass  (Agropyron  dashystachyum) ,  increased  from  15  to  31%  in  total 
composition  and  forage  yield  increased  from  29  to  50%.   In  contrast,  the  two 
principal  species  of  drier  situations,  needleandthread  and  blue  grama,  declined 
from  62  to  44%  in  total  composition  and  the  calculated  forage  yield  declined 
from  54  to  38%. 

Five  permanent  sites,  representing  the  native  range  vegetation  near 
Mildred,  in  southeastern  Montana,  were  mapped  by  basal  area  in  1936,  1938,  and 
1963.   These  sites  provided  us  an  excellent  opportunity  to  document  changes  in 
range  composition  because  the  growing  season  precipitation  (April-September)  in 
this  area  between  1963  and  1976  averaged  23%  higher  than  the  mean  of  the 
previous  13  years  (1949-1962).   We  believed  that  changes  in  vegetation 
occurring  under  natural  conditions  might  be  a  good  predictor  of  the  possible 
long  term  consequences  of  many  years  of  successful  spring-early  summer  cloud 
seeding.   Evidence  to  date  indicates  that  cloud  seeding  may  result  in 
precipitation  increases  of  10-70%  (Cleveland  et  al.  1978).   Therefore,  the 
objective  of  this  study  is  to  document  changes  in  basal  area  between  1963  and 
1976  after  13  years  of  above-average  rainfall  and  relate  this  to  changes  in 
forage  yield. 

Methods 

Within  each  of  the  five  permanent  sites,  five  30  x  152  cm  (1x5  ft) 
permanently  marked  plots  were  originally  located  about  130  m  (426  ft)  apart. 
All  plots  have  a  north-south  orientation  and  location  was  restricted  to  similar 
type  range.   Some  plots  were  lost  over  the  years,  leaving  five  plots  each  at 
sites  1  through  4  and  three  plots  at  site  5  in  1976. 

The  soils  at  these  sites  were  classified  by  the  Soil  Conservation  Service 
(Table  1).  Sites  1  and  2  were  classed  as  silty,  site  3  as  sandy,  and  sites  4 
and  5  as  thin  hilly  range  sites.  To  minimize  the  effects  of  different  soils, 
the  basal  area  data  on  similar  range  sites  were  combined. 

Grazing  was  heavy  on  all  sites  until  allotments  were  formed  in  the  late 
1940's.   Since  then,  the  Bureau  of  Land  Management  records  in  Miles  City  show 
that  the  grazing  pressure  at  each  site  between  the  two  periods  (1949-1962  and 
1963-1975)  was  relatively  constant.   Sites  1  and  3  have  been  grazed  lightly  to 
moderately  by  cattle  from  April  to  October.   Site  2  has  been  grazed  only 
occasionally  although  heavily  by  cattle  and  sheep.   Site  4  has  received  only 
moderate  grazing  by  cattle  and  sheep  during  the  winter  and  early  spring  since 
1940.   Grazing  on  site  5  has  varied  from  moderate  to  heavy  from  April  to 
October. 

Precipitation  and  temperature  from  48  years  of  records  at  the  National 
Weather  Service  Cooperative  Station  located  near  the  study  sites  in  Mildred, 
Montana,  were  anlyzed.   Growing  season  rainfall  (April  through  September), 
water-year  precipitation  (October  through  September),  and  monthly  precipitation 
and  temperature  averages  between  1963  and  1976  were  compared  statistically  to 
the  previous  13  and  35  year  averages  (one-tailed  Student's  t-test).   Since  we 
are  interested  in  major  effects  of  above-average  precipitation,  data  obtained 
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Table  1.   Characteristics  of  study  sites. 

Soil 
Site        Range       Soil        depth    Slope 
No.         site        texture     (cm)      (%)      Physiography 

1  Silty       Loam        90         1       Terrace  along 

upland  creek 

2  Silty       Loam        80-100     5       Slope  of  rolling 

upland 

3  Sandy       Fine        90         4       Slope  of  rolling 

sandy 

loam  upland 

4  Thin 

hilly       Loam  &      30-70      7       Slope  of  steeply 
fine 
sandy  loam  rolling  upland 

5  Thin 

hilly       Loam  6c  clay  13-70      1       Ridge  crest  of 
loam  steeply  rolling 

upland 
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in  1963  were  compared  with  the  data  from  1976,  after  13  years  of  above-average 
precipitation. 

The  vegetation  was  charted  using  a  30  x  152  cm  frame  strung  with  wire 
forming  5  x  5  cm  grids.   Basal  area  of  plant  species,  ant  hills,  cow  chips,  and 
other  materials  occupying  area  within  the  frame  were  mapped  on  graph  paper  at 
1/2  scale  and  then  planimetered  at  least  twice  to  assure  accuracy.   The  basal 
area  data  were  used  in  determining  composition  changes  during  the  study  period 
of  all  grasses,  shrubs,  half  shrubs,  and  f orbs .   A  one-tailed  paired  comparison 
t-test  was  used  to  statistically  compare  basal  area  changes  on  the  range  sites. 
Because  western  wheatgrass,  blue  grama,  needleandthread,  prairie  junegrass,  and 
threadleaf  sedge  are  the  important  grasses  or  grass -like  species  for  forage 
production  in  this  region,  the  data  for  these  species  were  analyzed  further  for 
changes  in  percent  total  ground  cover  between  1963  and  1976. 

To  obtain  a  relative  estimate  of  forage  yield,  percent  basal  area  for  these 
five  species  was  converted  to  Stipa  equivalents  (Brown  1954;  Clarke  at  al. 
1947).   Forage  yield  is  first  converted  in  terms  of  needleandthread  cover  by 
multiplying  the  figure  for  relative  yielding  capacity  (relative  production)  of 
each  species  by  its  percentage  basal  area.   A  stand  of  needleandthread  (the 
standard)  with  100%  cover  yields  2,268  kg  of  air-dry  forage  per  acre  in 
southeastern  Alberta  (Clark  et  al.  1947).   This  standard  was  used  in 
calculating  forage  yield.   These  values  were  then  used  to  calculate  an  estimate 
of  grazing  capacity  for  cattle,  assuming  that  a  453.5  kg  (1,000  lb)  grazing 
beef  cow:   (1)  may  graze  55%  of  the  available  forage  and  (2)  will  use  299  kg 
(660  lb)  of  forage  per  month  on  a  dry-weight  basis  (Brown  1954).   Since  the 
relative  yielding  capacity  figures  used  were  those  developed  for  the  Canadian 
grasslands,  the  actual  yield  of  various  species  under  the  conditions 
encountered  in  eastern  Montana  may  be  different.   However,  for  a  comparative 
study  (1963  production  vs.  1976  production)  use  of  the  Canadian  relative 
yielding  capacity  figures  is  quite  justified. 

Results  and  Discussion 

Weather  Conditions  during  the  Study 

Growing  season  precipitation  and  the  water-year  precipitation  during  the 
recent  13-year  period  averaged  23%  and  21%  higher,  respectively,  than  that  of 
the  earlier  13-year  period.   The  months  of  April  and  June  accounted  for  most  of 
the  difference. 

Figure  1  illustrates  the  variation  in  growing  season  precipitation  at 
Mildred,  Montana,  for  the  13  years  between  1963  and  1975.   Eleven  of  these 
exceeded  the  average  value  of  23.5  cm  calculated  from  the  prior  13  growing 
seasons  (1950-1962),  which  was  not  significantly  different  from  the  24.4  cm 
average  for  the  1928  (beginning  of  record)  to  1962  period.   The  average  of  30.5 
cm  determined  from  the  recent  13  growing  seasons  was  significantly  higher 
(P<0.01)  than  that  of  both  these  earlier  periods. 

The  water-year  precipitation  between  1929  and  1962  and  between  1949  and 
1962  averaged  31.4  cm  and  29.7  cm,  respectively,  and  was  significantly  less 
(P<0.05)  than  that  of  the  1962-1975  period  (37.5  cm).   Water-years,  rather  than 
annual  years,  were  analyzed  because  fall-winter  precipitation  can  affect  forage 
production  the  following  summer. 
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April  and  June  had  significantly  more  rainfall  (P<0.01)  during  the  1962- 
1975  period  than  during  the  earlier  period  (1949-1962),  with  June  showing  the 
greatest  increase  (3.86  cm)  (Fig.  2).   Precipitation  in  the  remaining  months 
did  not  differ  significantly  (P  greater  than  0.1). 

Average  monthly  temperatures  for  the  two  13-year  periods  (1949-1962  and 
1962-1975)  did  not  differ  significantly  (P  greater  than  0.1). 

Changes  in  Basal  Area 

Total  basal  area  at  all  range  sites  increased  61%  between  1963  and  1976 
with  the  silty,  sandy,  and  thin  hilly  range  sites  increasing  58,  34,  and  101%, 
respectively.   Basal  area  at  the  silty  and  thin  hilly  range  sites  increased 
significantly  (P  less  than  0.05).   The  sample  size  at  the  sandy  site  was  too 
small  for  statistical  comparison  because  some  of  the  plots  were  lost  over  the 
past  40  years.   The  status  of  all  species  present  in  1976  compared  to  1963  is 
summarized  in  Table  2. 

The  following  five  species  comprised  approximately  85%  of  the  basal  area  at 
the  range  sites:   western  wheatgrass,  blue  grama,  prairie  junegrass, 
needleandthread,  and  threadleaf  sedge  (Table  3).   By  1976,  western  wheatgrass, 
needleandthread,  and  prairie  junegrass  had  increased  on  all  range  sites, 
whereas,  blue  grama  and  threadleaf  sedge  increased  on  the  silty  and  thin  hilly 
range  sites  but  decreased  on  the  sandy  site.   These  five  species  increased  the 
most  on  the  thin  hilly  range  (97%),  followed  by  the  silty  range  sites  (64%)  and 
lastly,  the  sandy  range  site  (34%). 

All  other  grasses  and  sedges  accounted  for  less  than  6,  3,  and  12%  of  the 
total  basal  area  on  the  silty,  sandy,  and  thin  hilly  range  sites,  respectively, 
in  1963  (Table  3).   Basal  area  of  these  species  had  more  than  doubled  on  the 
silty  and  thin  hilly  range  sites  but  increased  only  23%  on  the  sandy  site  by 
1976. 

Forbs  and  shrubs  (representing  less  than  1%  of  the  total  basal  area  on  all 
sites)  increased  on  the  sandy  and  thin  hilly  range  sites  and  decreased  on  the 
silty  range  site  (Table  3) . 

Percentage  of  bare  ground  decreased  at  all  sites;  from  92  to  87%  at  the 
silty  range  sites,  from  93  to  90%  at  the  sandy  site  and  from  95  to  90%  at  the 
thin  hilly  sites  (Table  3).   Since  basal  area  is  an  estimate  of  the  ground  area 
actually  occupied  by  plants  rather  than  the  area  covered  by  the  combined  aerial 
parts  of  plants  and  litter  (as  in  foliage  cover),  the  amount  of  bare  ground 
estimated  by  basal  area  will  be  higher  than  that  estimated  by  foliage  cover. 

Changes  in  Percent  Composition  Based  on  Basal  Area 

In  1963  the  dominant  plant  was  the  low  growing,  perennial  blue  grama,  but 
in  1976  the  trend  appeared  to  be  changing  slightly  toward  more  midgrass  species 
such  as  needleandthread  and  prairie  junegrass  (fig.  3).   Dominant  in  this  case 
refers  to  the  area  occupied  by  the  various  species.   In  terms  of  forage  yield, 
blue  grama  was  never  a  dominant  grass  with  the  exception  of  the  silty  sites  in 
1963  (Fig.  4). 

The  percentage  of  total  composition  comprising  the  five  grass  or  grass -like 
species  discussed  above  changed  very  little  at  the  three  range  sites  between 
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Table  2.   Status  of  species  in  1976  compared  to  1963. 


Sites 


Scientific  name 


Common  name1 


Sandy 

Th 

in  hilly 

Silty 

NJ 

P 

1 

4 

1 
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is 

t 
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N 
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— 
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N 
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N 

N 

N 
1 

1 

N 

N 

— 

N 

N 

1 

1 



N 

t 

— 

N 

— 

N 

t 

t 

t 

Grasses  and  grass-like  species 
Agropyron  smilhii 
Agropyron  spicatum 
Aristida  longiseta 
Bouieloua  curtipendula 
Bouteloua  gracilis 
Bromus  japonicus 
Buchloe  daciyloides 
Calamagroslis  monianensis 
Calamovilfa  longifolia 
Carex  eleocharis 
Carex  filifolia 
Carex  heliophila 
Vulpia  octoflora 
Koeleria  crisiaia 
Muhlenbergia  cuspidata 
Poa  secunda 
Andropogon  scoparius 
Sporobolus  cryptandrus 
Slipa  comata 
Slipa  viridula 

Shrubs  and  half  shrubs 
Artemisia  carta 
A  riemisia  frigida 
Eurolia  lanaia 
Gulierrezia  sarolhrae 
Yucca  glauca 

Forbs 
Arenaria  congesla 
Cirsium  undulatum 
Echinacea  pallida 
Lappula  redowskii 
Liatris  punctata 
Lygodesmia  juncea 
Mammillaria  vivipara 
Melilotus  officinalis 
Opuntia  polyacantha 
Petaloslemon  purpureum 
Phlox  hoodii 
Plantago  purshii 
Polygala  alba 
Psoralea  argophylla 
Ratibida  columnifera 
Solidago  missouriensis 
Sphaeralcea  coccinea 
Taraxacum  officinale 
Tragopogon  dubius 


western  wheatgrass 
bluebunch  wheatgrass 
red  threeawn 
sideoats  grama 
blue  grama 
Japanese  brome 
buffalo  grass 
plains  reedgrass 
prairie  sandreed 
needleleaf  sedge 
threadleaf  sedge 
sun  sedge 

common  six  weeksgrass 
prairie  junegrass 
stoneyhills  muhly 
sandberg  bluegrass 
little  bluestem 
sand  dropseed 
needleandthread 
green  needlegrass 

silver  sagebrush 
finged  sagewort 
common  winterfat 
broom  snakeweed 
small  soapweed 

ballhead  sandwort 
wavyleaf  thistle 
pale  echinacea 
bluebur  stickseed 
dotted  gayfeather 
rush  skeletonplant 
purple  mammillaria 
yellow  sweetclover 
plains  pricklypear 
purple  prairieclover 
Hoods  phlox 
woolly  plantain 
white  polygala 
silverleaf  scurfpea 
prairie  coneflower 
Missouri  goldenrod 
scarlet  globemallow 
common  dandelion 
yellow  salsify 
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t 
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1 
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t 

t 
t 
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'Plant  names  follow  those  recommended  by  Beetle  (1970). 
2N  =  species  present  in  1976  but  not  in  1963. 
Jl  =  increase  in  %  composition  by  basal  area 


4species  not  present  in  1963  and  1976 

51  =  Decreases  in  %  composition  by  basal  area. 


192 


Table  3.   Percent  basal  area  at  the  three  range  sites  in  1963  and  1976 


Range 

Site 

Si 

■  ity 

Sandy 

Thin 

hilly 

Plant  species 

1963 

1976 

1963 

1976 

1963 

1976 

Western 

wheatgrass 

0.1 

0.2 

0.0 

0.1 

0.0 

0.1 

Blue  grama 

5.4 

6.6 

4.8 

4.2 

1.8 

3.5 

Needleandthread 

0.- 

2.1 

2.4 

5.7 

0.3 

1.3 

Prairie 

junegrass 

0.0 

0.5 

0.0 

0.3 

0.0 

0.4 

Threadleaf 

sedge 

0.7 

2.1 

1.4 

1.3 

1.3 

2.0 

Subtotal 

6.2 

11.5 

8.6 

11.6 

3.5 

7.3 

All  other  grasses 

and  sedges 

0.5 

1.2 

0.2 

0.3 

0.5 

1.1 

All  forbs 

0.4 

0.3 

0.0 

0.1 

0.2 

0.5 

All  shrubs 

0.4 

0.2 

0.0 

0.0 

0.0 

0.1 

Percent  total 

basal  area 

7.5 

13.2 

8.8 

12.0 

4.2 

9.0 
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llllllj  Midgrasses 


WESTERN    WHEATGRASS 
NEEDLEANDTHREAD 
PRAIRIE   JUNEGRASS 

Short  Grasses  and  Sedges 

BLUE  GRAMA 
THREADLEAF  SEDGE 


IOCH 
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97%     97% 
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87% 
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84% 


80% 


963     1976 
SILTY 


1963      1976 
SANDY 

Range    Sites 


1963      1976 
THIN     HILLY 


Figure  3.   Change  in  percent  of  total  composition  by  basal  area  of  the 
five  major  grasses  in  1963  and  1976. 
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Figure  4.   Calculated  forage  yield  for  the  five  species  indicated  at  the 
three  range  sites  in  1963  and  1976. 
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1963  and  1976  (Fig.  3).   Blue  grama  decreased:  at  all  sites;  from  66  to  51%  on 
the  silty  range  sites,  from  54  to  35%  on  the  sandy  range  site  and  from  42  to 
39%  on  the  thin  hilly  range  sites.   Needleandthread  and  prairie  junegrass 
increased  at  all  range  sites  with  needleandthread  becoming  the  dominant  grass 
on  the  sandy  range  sites  by  1976  (27  to  47%).   Threadleaf  sedge  increased  at 
the  silty  site  (9  to  16%),  but  decreased  at  the  sandy  (16  to  11%)  and  thin 
hilly  range  sites  (32  to  22%). 

The  percent  total  composition  of  all  other  grasses  and  sedges  did  not 
change  significantly  on  sandy  (2  to  2%)  or  thin  hilly  range  sites  (12  to  13%), 
but  did  show  a  slight  increase  on  the  silty  range  sites  (6  to  9%).   This 
increase  was  principally  due  to  increases  in  red  threeawn  (Aristida  longiseta) 
and  sandberg  bluegrass  (Poa  secunda) . 

In  1963,  forbs  and  shrubs  comprised  less  than  5%  of  the  total  composition 
on  the  silty  and  thin  hilly  ranges  and  less  than  1%  on  the  sandy  range  site. 
These  species  decreased  at  all  sites  by  1976,  except  for  a  slight  increase  of 
shrubs  (less  than  1%)  at  the  thin  hilly  site  and  the  establishment  of  forbs 
(less  than  1%)  at  the  sandy  site. 

Changes  in  Relative  Production 

The  calculated  forage  yield  of  the  five  important  grass  or  grass-like 
species  described  above  increased  192  (110%),  183  (109%),  and  130  kg/ha  (61%) 
on  the  silty,  thin  hilly,  and  sandy  range  sites,  respectively,  between  1962  and 
1976  (Fig.  4).   Needleandthread  comprised  the  major  increase  at  these  range 
sites.   Forage  yield  would  be  somewhat  larger  if  all  species  on  these  sites 
were  analyzed. 

The  increase  in  forage  yield  of  these  species  increased  the  calculated 
grazing  capacity  for  cattle  from  3.1  to  1.5  hectares  per  cow-month  on  the  silty 
range  sites,  from  1.8  to  1.1  on  the  sandy  range  site  and  from  4.6  to  2.2  on  the 
thin  hilly  range  sites. 

Conclusions 

The  higher  April  and  June  precipitation  between  1963  and  1976  increased 
basal  area  considerably  on  the  silty,  sandy,  and  thin  hilly  range  sites. 
Species  composition  changed  from  a  dominant  blue  grama  grassland  toward  a  more 
mid-grass  community.   Needleandthread,  western  wheatgrass,  and  prairie 
junegrass  became  established  or  increased  on  all  sites.   Threadleaf  sedge 
increased  on  the  silty  and  thin  hilly  range  sites,  but  decreased  on  the  sandy 
range  site.   Concurrently,  the  calculated  forage  yield  of  these  species  more 
than  doubled  on  the  silty  and  thin  hilly  range  sites  and  increased  61%  on  the 
sandy  range  site.   The  latter  range  site,  however,  was  more  productive  than  the 
other  two  sites.   The  increase  in  forage  yield  of  these  five  grasses  decreased 
the  hectares  needed  per  cow-month  for  grazing  by  1.6  (48%),  0.7  (24%),  and  2.4 
(48%)  on  the  silty,  sandy,  and  thin  hilly  range  sites,  respectively. 

These  results  indicate  that  additional  spring-early  summer  precipitation  on 
moderately  grazed  rangeland  in  eastern  Montana  has  benefits  for  the  stockman. 
The  number  of  cattle  that  may  be  properly  grazed  could  almost  double  with  a  23% 
increase  in  precipitation,  similar  to  the  findings  of  Coupland  (1959)  in 
southern  Alberta  and  Saskatchewan.   Whether  an  increase  of  this  magnitude  is 
consistently  obtainable  with  purposeful  cloud  seeding  remains  to  be  seen. 
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EFFECT  OF  SUPPLEMENTAL  WATER  ON  MYCORRHIZAL  INFECTION  RATES  IN  DRY  GRASSLANDS 

By 

P.  Stahl,  M.  Christansen  and  T.  Weaver 

Abstract 

Mycorrhizal  infection  rates  increased  from  62  to  78  percent  in  unwatered 
plots  to  70  to  90  percent  in  moister  aerobic  plots  and  declined  slightly  in 
still  wetter,  possibly  anaerobic,  treatments  to  a  range  of  76  to  79  percent. 
Differences  between  treatments  were  small  and  probably  of  little  biological  or 
statistical  significance.   Although  infection  rates  observed  in  Bouteloua 
gracilis  plots  were  slightly  higher  than  those  of  Agropyron  smithii  plots,  the 
differences  observed  were  not  statistically  significant. 

Introduction 

Irrigation  is  expected  to  increase  yields  in  water  limited  ecosystems 
(e.g.,  dry  grasslands  of  the  High  Plains)  by  reducing  water  stress.   Additional 
benefits  may  be  derived  if  irrigation  favors  organisms --such  as  mycorrhizal 
fungi,  nitrogen  fixing  organisms,  and  decomposers --which  make  nutrients  more 
available  to  principal  producers. 

Mycorrhizae  are  fungus  infected  roots  in  which  the  fungus  and  the  vacular 
plant  establish  a  mutualistic  association.   The  fungus  draws  on  the  vascular 
plant's  photosynthates  while  the  vascular  plant  draws  on  the  fungus'  superior 
ability  to  absorb  nutrients  and/or  water  by  either  increasing  the  root  surface 
areas  or  solubilization  rates.   These  fungi  may  also  beneficially  alter  plant 
hormones  (Allen  et  al.  1980)  and/or  facilitate  bacterial  nitrogen  fixation 
activity  (Asimi  et  al.  1980). 

The  purpose  of  this  study  was  to  compare  mycorrhizal  abundance  among 
unirrigated  (control)  and  several  types  of  irrigated  plots  in  two 
representative  dry  rangeland  ecosystems  of  the  Northern  Great  Plains.   The 
question  of  mycorrhizal  responses  to  water  has  been  unstudied  in  these  or  other 
ecosystems . 

Methods 

The  range  ecosystems  studied,  those  dominated  by  Bouteloua  gracilis  and/or 
Agropyron  smithii,  cover  1.16  million  square  kilometers  in  the  United  States 
(Kuchler  1964) .   The  study  sites  used  in  this  experiment  are  located  at  the 
USDA  Livestock  and  Range  Research  Station,  Miles  City,  Montana.   One  study  site 
is  dominated  by  Agropyron  smithii,  and  the  other  is  dominated  by  Bouteloua 
gracilis .   Grazing  has  been  excluded  from  both  sites  for  three  years  (i.e.  1977 
through  1979).   Miles  City  normal  (30  year  average)  yearly  precipitation  is  355 
mm  (14  in)  with  an  average  of  14  mm  received  monthly  in  October  through  March 
and  33  mm  received  monthly  in  April  through  September  with  the  exception  of  May 
(53  mm)  and  June  (82  mm).   Temperatures  average  23C  (74F)  in  July  and  -9C  (15F) 
in  January.   More  detailed  weather  statistics  appear  in  Weaver  (1980)  and  USDC 
(1976-1979).   Personnel  of  the  U.S.  Soil  Conservation  Service  described  the 
soil  of  the  Agropyron  site  as  a  well  drained  fine,  montmorillonite  Borollic 
Comborthid  with  plentiful  free  lime  at  20  cm  and  roots  to  1.5  m.   It  was 
identified  as  a  Kobar  silty  clay  loam  which  developed  on  alluvium  lying  in 
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simple  relief  with  two  percent  north  slope.   The  soil  of  the  Bouteloua  site  was 
described  as  a  well-drained,  fine  loamy,  frigid  calcareous  Ustic  Torriorthent 
with  plentiful  free  lime  at  75  cm  and  roots  to  105  cm.   It  was  identified  as  a 
Havre  variant  loam  developed  on  a  high  alluvial  terrace  with  simple  relief  and 
a  one  percent  slope. 

The  mycorrhizal  response  to  added  water  was  determined  by  comparing 
mycorrhizal  infection  rates  in  root  samples  drawn  from  plots  irrigated  in  the 
fall  spring  or  summer  watering.   In  the  fall  and  spring  wet  treatments, 
sufficient  water  was  added  to  fill  the  soil  profile  to  field  capacity  to  a 
depth  of  75  cm  in  September  and  May  through  June,  respectively.   Three  summer 
irrigation  treatments  were  used.   Soil  water  stress  in  the  'summer  wet' 
treatment  was  held  below  2  bars  by  weekly  irrigations  of  25  mm.   Summer  shower 
treatments  guaranteed  6  mm  and  12  mm  per  week  by  supplementing  natural  rainfall 
to  6  and  12  mm.   The  sixth  treatment  was  a  control  which  received  only  natural 
rainfall.   The  actual  water  additions  are  documented  elsewhere  in  this  report 
(Weaver  et.al.  1981);  the  resultant  soil  water  conditions  at  10  cm  are 
summarized  in  Figure  1. 

For  sampling  purposes,  the  14  x  14  m  irrigated  plots  were  divided  into  nine 
strips  (Weaver  et  al .  1981).   To  sample  for  mycorrhizae,  we  divided  five  of 
these  strips  (1,  3,  5,  7,  and  9)  into  three  segments  (a,  b,  and  c)  and,  took 
one  soil  core  (King  tube,  2  cm  diameter),  from  the  center  of  each.   Each  core 
was  divided  into  a  0-10  cm  and  a  10-30  cm  segment.   For  each  treatment  these 
were  composited  to  yield  six  samples:  0-10  cm  a,  b,  and  c  and  10-30  cm  a,  b, 
and  c.   Samples  from  the  0  to  10  cm  horizon  were  analyzed;  samples  from  the  10 
to  30  cm  depth  were  preserved  for  possible  later  analyses. 

The  samples  were  taken  on  4  September  and  soil  cores  were  refrigerated  (5 
C)  for  less  than  a  month  while  they  were  being  washed  out.   Roots  were 
extracted  by  soaking  samples  overnight,  washing  all  soil  through  a  1  mm  screen, 
transferring  roots  and  sand  to  a  beaker  of  water,  and  decanting  the  roots  back 
into  the  sieve.   Roots  were  preserved  in  FAA  (ethanol  100  units,  acetic  acid  2 
units,  40  percent  formaldehyde  7  units,  and  water  70  units,  Darlington  and 
LaCour  1962). 

The  percent  mycorrhizal  infection  was  determined  by  a  method  that  was 
slightly  modified  from  those  of  Nicholson  (1960)  and  Allen  and  Allen  (1980). 
Samples  were  thoroughly  rinsed  with  distilled  water,  stained  for  thirty  minutes 
in  warm  (55  C)  lactophenol -cotton  blue  and  then  cleaned  for  at  least  eight 
hours  in  clear  lactophenol.   Ten,  randomly  selected  one  centimeter  root 
segments  per  sample  were  placed  on  a  microscope  slide  and  covered  with  a  large 
cover  slip.   The  slide  was  examined  at  a  low  power  (150  x)  with  a  light 
microscope  by  making  five  passes  across  the  ten  segments  for  a  total  of  fifty 
observations.   Presence  of  mycorrhizal  fungi  was  recorded  whenever  internal 
endogonaceous  hyphae  with  attached  vesicles  or  arbuscles  appeared  in  the  one 
millimeter  segment  observed.   From  these  data  the  percent  infection  was 
calculated.   This  technique  is  subject  to  a  standard  error  of  about  seven 
percent  and  may  tend  to  overestimate  actual  infection  (Giovannetti  and  Mosse 
1979). 

Results  and  Discussion 

Mycorrhizal  infection  rates  were  similar  in  the  Bouteloua  gracilis  and 
Agropyron  smithii  grasslands  studied.   Although  the  infection  rates  were  lower 
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Figure  1 .   Effects  of  irrigation  on  soil  water  potential  at  10  cm  in 
Agropyron  smithii  (AGSM)  and  Bouteloua  gracilis  (BOGR)  grasslands.   Treatments 
including  0  mm,  6  mm,  12  mm,  and  25  mm  (wet)  per  week,  spring  wet,  and  fall 
wet,  are  described  in  the  text.   Shading  indicates  the  level  of  water  stress: 
clear  =  0-2  bars,  stippled  =  2-5  bars,  hatched  =  5-15  bars,  and  black  =  15 
bars.   Double  lines  indicate  the  beginning  and  end  of  the  soil  water 
measurements  made  in  1977,  1978,  and  1979. 
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in  five  of  six  treatments  in  the  Bouteloua  grassland,  the  difference  is 
significant  (p  less  than  0.05)  in  only  two  treatments  (12  mm  and  spring  wet). 

Differences  in  infection  rates  between  the  control  and  irrigated  treatments 
are  small  or  nonexistent.   In  the  Bouteloua  gracilis  grassland,  infection  rates 
in  the  control  did  not  differ  significantly  from  those  in  any  other  treatment. 
In  the  Agropyron  smithii  grassland,  increases  in  the  infection  rate  over  the 
control  were  statistically  significant  in  the  6  mm  (p  less  than  .01)  and  wet  (p 
less  than  .05)  treatments.   The  biological  significance  of  the  relatively  high 
infection  rate  observed  in  the  6  mm  treatment  is  questionable  since:   (1)  its 
variance  is  high;  (2)  there  is  no  reason  why  it  should  be  higher  than  rates 
observed  in  either  the  control  or  12  mm  plots  since  their  soil  water  contents 
bracket  the  6  mm  treatment;  and  (3)  no  parallel  peak  was  observed  in  the  6  mm 
treatment  of  the  Bouteloua  gracilis  grassland. 

We  hope  that  the  plots  can  be  resampled  in  1981  and/or  1982  to  test  the 
hypotheses  that:  (1)  mycorrhizal  fungi  are  inhibited  slightly  under  control  and 
constantly  wet  conditions;  (2)  infection  rates  change  with  season;  and  (3)  an 
equilibrium  infection  rate  had  been  reached  after  three  years  of  watering,  in 
1979.   The  first  possibility  is  suggested  by  the  facts  that,  under  well-drained 
conditions,  infection  rates  are  uniformly  lower  in  control  plots  in  both  the 
Agropyron  smithii  and  the  Bouteloua  gracilis  grasslands  and  that  mycorrhizal 
fungi  are  known  to  decline  under  wet  (anerobic)  conditions  (Kahn  1972).   If  the 
second  possibility  is  a  fact  the  late  summer  season  should  be  the  best  season 
for  measuring  infection  rates  because  young  roots  have  had  a  maximal 
opportunity  to  have  been  infected.   The  third  assumption,  that  infection 
spreads  rapidly  enough  to  equilibrate  after  three  years,  should  be  tested  at 
the  sites. 
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Table  1.   Mycorrhizal  infection  (percent  of  fifty  1  mm  root  segments 
examined)  of  roots  drawn  from  differentially  irrigated  plots  in  Bouteloua 
gracilis  and  Agropyron  smithii  grasslands,  4  September  1979. 

Sign. 


Block 

I 

II 

Avg 

sample 

a 

b 

c 

a 

b 

c 

±  SE 

AGROPYRON 

SMITHII 

Treatment 1 

0 

60 

72 

80 

48 

50 

62 

62±5 

6 

70 

80 

68 

90 

94 

96 

86±4 

12 

78 

74 

76 

68 

70 

68 

72±2 

FW 

50 

64 

70 

66 

86 

62 

71±4 

sw 

70 

58 

64 

68 

76 

82 

70±3 

WT 

68 

80 

76 

76 

80 

94 

79±3 

BOUTELOUA 

GRACILIS 

0 

58 

78 

74 

82 

92 

84 

78±5 

6 

92 

94 

86 

80 

72 

78 

84±3 

12 

90 

86 

92 

88 

82 

92 

88±2 

FW 

86 

92 

88 

78 

80 

82 

84±2 

SW 

88 

84 

86 

86 

82 

90 

86±1 

WT 

78 

56 

80 

86 

80 

78 

76±2 

*  p  less  than  0.05 

**  p  less  than  0.01 

1.   Treatments  were  control  (0),  guaranteed  6  and  12 
mm/week,  fall  wet  (FW)  and  spring  wet  (SW)  with  soil  profiles 
filled  to  field  capacity  to  75  cm  in  those  seasons,  and  wet 
(WT)  with  no  water  stresses  over  2  bars  permitted. 
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BELOWGROUND  DECOMPOSITION  RATES  IN  IRRIGATED  AND  UNIRRIGATED 
BOUTELOUA  GRACILIS  AND  AGROPYRON  SMITHII  GRASSLANDS. 

By 

T.  Weaver 

Abstract 

Wooden  stakes  buried  in  soils  of  unwatered  Agropyron  smithii  and  Bouteloua 
gracilis  grasslands  for  27  months  lost  45  and  39  percent  of  their  weights, 
respectively.   Stakes  in  plots  without  water  stresses  greater  than  2  bars 
from  May  through  August  lost  60  and  49  percent  of  their  weight,  in  the 
two  grasslands  respectively.   58-66  percent  of  the  weight  loss  in  wet 
plots  occurred  in  the  summer.   Four  other  irrigation  treatments  are  con- 
sidered.  The  depth  of  greatest  decomposition  rates,  as  indicated  by  the 
weakest  point  on  stakes  driven  vertically  into  the  soil,  was  approximately 
3  cm  in  all  treatments. 

Introduction 

The  decomposition  process  is  of  special  interest  to  ecologists  be- 
cause it  makes  nutrients  available  to  growing  plants.   This  interest  has 
prompted  research  on  the  effects  of  management  practices  on  decomposition 
rates,  including  the  adding  or  removing  of  organic  matter  (Broadbent  and 
Bartholomew  1948,  Malone  1970,  and  Wicklow  1973),  burning  (Wicklow  1973, 
Grigal  and  McColl  1977),  fertilization  (Lueken  et  al  1962,  Smith  and 
Douglas  1971),  herbicides  (Malone  1970,  Gottschalk  and  Shure  1979)  insec- 
ticides (Weary  and  Merriam  1978),  and  heavy  metal  contamination  (Strojan 
1978,  Vossbrinck  et  al  1979,  Coughtrey  et  al  1979). 

Although  decomposition  rates  in  dry  grasslands  may  be  expected  to 
increase  if  water  is  added  to  their  soils  (Hunt  1977,  Singh  and  Gupta 
1977)  there  are  few,  if  any,  studies  which  estimate  the  effects  of  water 
added  by  irrigation  or  cloud  seeding  on  decomposition  rates  of  organic 
matter  in  soils.   We  provide  one  relevant  data  set  below. 

Below  ground  decomposition  of  plant  material  is  of  particular  impor- 
tance since  most  organic  matter  in  grassland  ecosystems  is  below  ground 
(Weaver  1977).   However,  the  three  principle  methods  for  indexing  decom- 
position rates  in  soils  are  still  imperfect.   1)  Microclimate  was  modi- 
fied when  Weaver  (1947)  killed  all  the  plants  in  study  plots  and  sampled 
for  decreases  in  plant  materials  in  the  soil.   2)  Clark  (1970)  determined 
that  the  soil  environment  is  disturbed  drastically  when  a  litter  bag  is 
inserted  and  that  the  material  contained  in  the  bags  makes  relatively 
poor  contact  with  the  soil.   An  improvement  of  the  buried  materials 
method  is  introduced  here.   3)  The  measurement  of  soil  respiration  could 
serve  as  a  another  means  to  index  nutrient  release.  Current  difficulties 
of  this  approach,  include  problems  in  measuring  C0„  evolution 
(Schwartzkopf  1978),  the  lack  of  inexpensive  long-term  integration,  and 
the  difficulty  of  distinguishing  decomposition  from  the  respiration  of 
live  roots  which  may  release  less  nutrients  per  gram  of  C0„  evolved  than 
decomposition  does  (Herman  1977,  Redmann  and  Abougendia  19/8,  Chapman 
1979). 
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Methods 

Below  ground  decomposition  was  studied  at  two  dry  grassland  sites 
that  are  typical  of  the  northern  High  Plains.   One  site  was  dominated  by 
Bouteloua  gracilis ,  and  the  other  by  Agropyron  smithii;  both  were  located 
on  the  U.S.  Livestock  and  Range  Research  Station,  Miles  City,  Montana. 

At  each  site,  six  irrigation  treatments  were  imposed.   They  include: 
(1)  unwatered  control;  (2)  supplemental  waterings  of  25  mm  per  week  dur- 
ing early  summer  (1  May  through  15  June);  (3)  supplemental  waterings  dur- 
ing the  1  May  through  1  September  period  which  provided  either  a  guaran- 
teed 6  mm/week,  12  mm  per  week,  or  25  mm  per  week;  and  (4)  supplemental 
fall  (September)  watering  of  about  75  mm.   In  the  guaranteed  6  mm  and  12 
mm  treatment,  natural  rainfall  was  supplemented  to  that  level;  that  is,  6 
mm  of  water  was  added  if  no  rain  fell  and  nothing  was  added  if  more  than 
6  mm  fell. 

Resultant  soil  water  potentials  were  measured  at  10  cm  with  a 
Coleman  soil  water  meter  and  plaster  blocks.   The  blocks  were  calibrated 
in  bars  by  measuring  their  resistances  in  soils  brought  to  known  water 
potentials  over  a  pressure  membrane  (Weaver  1974) .   Water  stresses  in  the 
control  plot  were  greater  than  5  bars  for  at  least  2.5,  1.6,  and  2.3  months 
in  1977,  1978,  and  1979,  respectively  (Figure  1).   The  6  mm  treatment 
reduced  soil  water  stresses  slightly.   The  12  mm  treatment  reduced  water 
stress  more,  especially  at  the  Bouteloua  gracilis  site.   Addition  of  25 
mm  per  week  eliminated  water  stresses  greater  than  2  bars  at  the  Bouteloua 
site  and,  except  for  short  periods  in  1979,  at  the  Agropyron  site.   Spring 
watering  postponed  drought.   With  exception  of  the  Agropyron  smithii  plots 
in  1979,  fall  watering  resulted  in  earlier  soil  water  recharge  (not  illus- 
trated) as  well  as  postponement  -  except  in  the  Agrpyron  grassland  in 
1974  -  of  drought.   Data  from  the  fall  wet  treatment  during  1977  are  simi- 
lar to  those  of  the  control  because  the  plots  were  not  watered  in  the 
fall  of  1976. 

Decomposition  rates  in  each  treatment  plot  were  indexed  by  use  of  a 
modified  buried  'litter'  bag  method  which  involved  recording  weight  changes 
in  thin  wooden  stakes  driven  into  the  ground.   This  approach  assures  a 
better  plant  material-soil  contact  with  less  ecosystem  disturbance,  in- 
volves a  measurement  that  is  easily  and  cheaply  replicated,  and  provides 
an  integrated  value  over  relatively  long  periods  of  time.   The  stakes 
simulate  "root"  diameters  which  are  relatively  large  (2mm)  and  their  com- 
position is  abnormal,  but  this  should  not  disqualify  stakes  as  a  tool  for 
comparing  decomposition  rates  in  plots  given  different  water  treatments. 

Wooden  stakes  (115  x  10  x  2  mm  ice  cream  bar  sticks,  Betula  spp) 
were  hammered  10  cm  into  the  soil  at  10  cm  intervals  along  a  permanently 
staked  line;  the  exposed  tip  was  used  to  relocate  the  stakes,  which  were 
placed  in  the  ground  on  June  16,  1977.   In  August  1977  every  fifth  stake 
was  retrieved  by  carefully  excavating  it  from  a  5  cm  diameter  soil  core. 
Adjacent  stakes  were  similarly  retrieved  in  August  1978  and  August  1979. 
Decomposition  was  too  advanced  to  permit  excavation  of  stakes  intended 
for  retrieval  in  1980  and  1981  without  fear  of  losing  bits  of  wood  or 
including  excess  soil.   Soils  were  often  tightly  bound  to  stakes.   So 
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soil  was  removed  by  an  ashing  process;  that  is,  decomposition  was  mea- 
sured as  intital  ash  free  weight  minus  final  ash  free  weight. 

The  depth  of  the  weakest  point  in  the  stake  should  serve  as  an  index 
of  the  depth  of  most  active  decomposition.   Tips  of  stakes  were  too  weak 
to  locate  the  breaking  point  by  tensile  strength.   The  weakest  point  was 
therefore  located  by  flexing  1  cm  segments  of  each  stake  by  hand  until 
the  weakest  point  was  located. 

Results  and  Conclusions 

Regardless  of  irrigation  treatment,  wooden  stakes  buried  between  0 
and  10  cm  in  surface  soils  lost  weight  with  time  (figure  2).   In  the  un- 
watered  Agropyron  smithii  grassland,  the  wooden  stakes  lost  3,  43,  and  45 
percent  of  the  original  organic  material  after  2.5,  14.5,  and  26.5  months, 
respectively.   In  an  unwatered  Bouteloua  gracilis  grassland  the  stakes 
lost  1,  38,  and  39  percent  of  the  original  material  after  2.5,  14.5,  and 
26.5  months,  respectively.   The  only  exception  (spring  wet  1979)  to  the 
first  statement  is  associated  with  a  large  variance  that  may  be  confound- 
ing. 

In  all  treatments  weight  loss  during  the  first  summer  (75  days)  was 
slight.   For  example,  in  the  control  the  loss  was  1  to  3  percent  as  com- 
pared with  8.2  percent  for  the  average  75  day  period  in  the  following 
year.   One  might  deduce  that  decomposition  rates  were  low  in  the  summer 
due  to  lack  of  soil  water,  but  the  small  differences  in  decomposition 
rates  between  watering  treatments  in  any  year  argues  against  this;  a  lag 
phase  in  the  decomposer  population  is  probably  exhibited. 

In  all  treatments,  weight  loss  during  1978  -  1979  was  much  less  than 
weight  loss  in  the  earlier  1977-1978  period.   Declining  decomposition 
rates  are  commonly  observed  and  might  be  due  to  either  exhaustion  of  such 
easily  decomposed  substrates  as  sugars,  amino  acids,  starch,  or  even 
cellulose,  or  the  exhaustion  of  easily  leachable  material  (Witkamp  1971 
and  Howe  1977).   The  last  possibility  seems  most  likely  because  approxi- 
mately one-half  of  the  wood  remained  in  1979. 

Small  and  consistent  differences  at  both  sites  suggest  treatment 
effects  (figure  2) .   While  none  of  these  differences  is  statistically 
significant,  (p  greater  than  0.05,  t-test),  the  following  observations 
are  offered:   (1)   Decomposition  rates  on  plots  watered  in  the  fall 
(stippled  bar,  figure  2)  appear  to  be  slightly  greater  than  in  control 
plots  (first  black  bar).   If  so,  watering  must  allow  more  decomposition 
during  the  cool  September  through  May  season  than  is  supported  by  rains 
falling  on  the  control  plot.   The  1977  data  are  exceptional  in  this  re- 
gard because  the  fall  wet  treatment  was  not  watered  in  the  previous  fall 
and  thus  was  identical  with  the  control.   (2)   Decomposition  rates  on 
plots  given  supplemental  water  in  May  and  June  (clear  bar)  did  not  differ 
from  those  observed  on  control  plots--rates  were  greater  in  three  cases 
and  less  in  three.   This  suggests  that  soil  water  did  not  limit  decom- 
position during  the  rainy  spring  season.   (3)   A  guarantee  of  6  mm  of 
water  per  week  (second  black  bar,  figure  2)  in  the  May  through  August 
season  apparently  retarded  decomposition  rates  in  six  of  the  six  cases 
graphed.   No  explanation  is  offered.   (4)   A  guarantee  of  12  mm  of  water 
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Figure  1.   Effects  of  irrigation  on  soil  water  potential  at  10  cm  in 
Agropyron  smithii  (AGSM)  and  Bouteloua  gracilis  (BOGR)  grasslands.   Treatments 
including  0  mm,  6  mm,  12  mm,  and  25  mm  (wet  per  week,  spring  wet,  and  fall 
wet,  are  described  in  the  text.   Shading  indicates  the  level  of  water  stress: 
clear  =  0-2  bars,  stippled  =  2-5  bars,  hatched  =  5-15  bars,  and  black  =  15 
bars.   Double  lines  indicate  the  beginning  and  end  of  the  soil  water 
measurements  made  in  1977,  1978,  and  1979. 
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Figure  2.   Decomposition  of  wood  in  soils  of  Agropyron  smithii  (AGSM)  and 
Bouteloua  gracilis  (BOGR)  grasslands.   Stakes  initially  weighed  1.30  gms; 
their  weights  after  2.5  months  (1977),  14.5  months  (1978),  and  26.5  months 
(1979)  are  indicated.   From  left  to  right,  black  bars  show  weights  of  stakes 
in  plots  receiving  0,  6,  12,  and  25  (wet)  mm  summer  rainfall  treatments; 
the  stippled  bar  shows  the  effect  of  the  spring  wet  treatment;  and  the 
white  bar  shows  the  effect  of  the  fall  wet  treatment.   The  actual  curve  of 
decomposition  for  the  6  mm  treatment  may  be  drawn  by  connecting  the  initial 
point  (upper  left  in  the  graph)  to  the  top  center  of  the  1977,  1978,  and 
1979  six  millimeter  bars.   Curves  for  other  treatments  parallel  this  curve. 
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Table  1.  Depth  (cm)  of  greatest  soil  microbe  activity  in  dry  grasslands.  Mean 
and  standard  error  (n  =  13-20)  are  given  for  the  depth  where  wooden  stakes  were 
weakest. 

Treatment 

Control    6  mm    12  mm     Fall  wet    Spring  wet    Vet 

Site 


Agropyron 

X 

2.8 

2.9 

2.9 

3.0 

2.8 

2.8 

smithii 

SE 

0.3 

0.2 

0.2 

0.2 

0.2 

0.3 

Bouteloua 

X~ 

2.6 

2.6 

3.1 

2.9 

2.7 

1.5 

gracilis 

SE 

0.3 

0.2 

0.4 

0.2 

0.2 

0.1 

Depth  of  greatest  activity  was  significantly  different  (p  less  than  0.05)  from 
the  control  only  in  the  wet  treatment  of  the  Bouteloua  gracilis  grassland. 
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per  week  (third  black  bar)  had  no  effect  on  decomposition  rates  —  stakes 
were  lighter  in  three  of  the  six  treatments.   (5)   Decomposition  rates  in 
plots  given  25  mm  of  water  weekly  (fourth  black  bar,  figure  2)  in  the  May 
through  August  period  were  greater  than  those  in  control  plots.   The  small 
effect  of  irrigation  on  decomposition  rates  in  dry  grasslands  suggests 
that,  although  the  decomposition  rates  may  be  correlated  with  soil  water 
availability  (cf.,  Singh  and  Gupta  1977  and  Chapman  1979),  soil  water 
availability  does  not  control  decomposition  rates.   This  possibility  is 
supported  in  reports  (e.g.,  Cook  and  Papendick  1972  and  Griffin  1972) 
which  show  that  fungi  may  be  active  at  water  potentials  of  40  to  400  bars. 

If  it  is  assumed  that  the  only  difference  between  the  fall  wet  and 
wet  treatments  is  summer  moisture,  one  can  compare  bar  heights  of  the 
control,  fall  wet,  and  wet  treatments  in  1979  (figure  2)  and  deduce  that 
58  and  66  percent  of  the  annual  decomposition  in  wet  plots  occurred  in 
the  summer  at  the  Agropyron  smithii  and  Bouteloua  gracilis  sites,  respec- 
tively.  Soil  water  stresses  in  the  May  through  August  season  never  ex- 
ceeded two  bars  (figure  1).   While  soil  water  stress  was  not  measured  in 
the  winter,  it  was  probably  similar  to  that  of  the  fall  wet  plots.   Rela- 
tively low  winter  decomposition  rates  have  been  reported  by  Witkamp  (1971), 
Smith  and  Douglas  (1971),  Weary  and  Merriam  (1978),  and  others. 

The  weakest  point  of  the  stake  with  respect  to  the  ground  surface 
was  recorded  to  index  the  depth  of  greatest  decomposition  rate.   It  was 
found  that:   (1)  In  control  plots,  the  greatest  decomposition  rate  appeared 
2.6  to  2.8  cm  below  the  ground  surface  in  Bouteloua  gracilis  and  Agropyoron 
smithii  grasslands,  respectively.   Decomposition  rates  in  the  0-2  cm  horizon 
may  have  been  low  due  to  temperature  extremes  and/or  relatively  low  numbers 
of  moist  soil  days.   Decomposition  rates  in  the  5-10  cm  level  horizon  may 
have  been  relatively  low  due  to  relatively  low  oxygen  availability.   (2) 
Small  pellets  which  are  possibly  fecal  material  were  often  associated 
with  weakness  portions  of  the  stakes.   (3)  Most  water  treatments  had  no 
effect  on  the  horizon  of  maximum  decomposition  rate.   (4)  The  horizon  of 
maximum  decomposition  rate  was  significantly  shallower  (1.5  cm)  in  the 
constantly  wet  plot  in  the  Bouteloua  gracilis  grassland  and  unchanged 
(2.8  cm)  in  the  constantly  wet  plot  in  the  Agropyron  smithii  grassland. 
If  this  difference  is  biologically  significant  it  may  be  due  to  wetting 
of  the  surface  soils  and  waterlogging  (i.e.,  diminished  oxygen)  of  deeper 
soils.   Waterlogging  may  have  been  less  common  at  the  Agropyron  smithii 
site  than  at  the  Bouteloua  gracilis  site  because  aboveground  biomasses  of 
Agropyron  smithii  were  relatively  high  and  high  biomasses  are  probably 
associated  with  high  transpiration  rates,  which  would  dry  the  soil. 
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EFFECTS  OF  ADDED  WATER  ON  SOIL  NEMATODE  POPULATIONS 

By 

T.  Weaver  and  J.  Smolik 

Abstract 

Nematode  faunas  of  Agropyron  smithii  and  Bouteloua  gracilis  grasslands  are 
similar  in  generic  composition  and  numbers  (1.6-3.1  million  /m'&    in  the  upper  10 
cm  of  the  soil).   Total  numbers  increased  to  2.2-4.1  million/m2  with  small 
additions  (6mm  and  12mm/week)  of  water,  but  declined  with  very  large  additions 
(25  mm/week) .   The  increase  is  apparently  due  to  both  additional  water  and 
additional  below-ground  forage,  while  the  decrease  under  wetter  conditions  is 
probably  due  to  lack  of  oxygen.   Possible  economic  impact  of  these  changes  is 
suggested  by  the  fact  that  50  to  80  percent  of  the  nematodes  present  feed  on 
plants . 

Introduction 

Free  living  nematodes  are  small  worms  which  feed  on  plants,  bacteria, 
fungi,  and  microfauna.   The  scanty  literature  on  the  subject  suggests  that 
their  impact  on  grassland  vegetation  is  probably  significant  (Webster  1972, 
Thorne  1961).   For  example,  a  review  of  the  literature  showed  that  nematodes 
may  reduce  grass  yields  by  25  to  50  percent  while  root  weights  may  be  reduced 
by  36  to  69  percent  (Eriksson  1972) .   This  view  is  supported  by  observations  of 
yield  reductions  in  temperate  cereals  of  20  to  50  percent  (Kort  1972). 

Since  the  impact  of  nematodes  may  be  large  it  is  important  to  know  how 
added  water  will  affect  these  organisms.   Fuchs  (1975)  showed  that  nematode 
numbers  in  grain  fields  increase  with  soil  water  contents  up  to  40  percent  of 
field  capacity  and  decrease  at  80  to  100  percent  of  field  capacity.   Though 
many  environmental  factors  confound  a  survey  approach,  Weaver  and  Smolik  (1981) 
showed  that  nematode  numbers  tend  to  increase  in  wetter  grasslands.   To 
determine  whither  cloud  seeding  might  increase  nematode  numbers  the  nematode 
response  to  six  irrigation  treatments  was  observed  in  two  grassland  types, 
Bouteloua  gracilis  and  Agropyron  smithii .   These  grasslands  are  representative 
types  of  the  northern  High  Plains  of  North  America  (Kuchler  1964) . 

Methods 

The  experiments  were  conducted  at  two  sites  on  the  U.S.  Livestock  and  Range 
Experiment  Station,  Miles  City,  Montana;  one  site  is  dominated  by  Agropyron 
smithii  and  the  other  by  Bouteloua  gracilis .   At  Miles  City,  normal  (30-year 
average)  precipitation  is  355  mm  (14  in)  per  year  and  averages  14  mm  monthly 
between  October  and  March  and  33  mm  between  April  and  September,  except  in  May 
(53  mm)  and  June  (82  mm) .   Temperatures  averaged  23C  (74F)  in  July  and  -9C 
(15F)  in  January.   More  detailed  weather  statistics  appear  in  Weaver  (1980)  and 
USDC  (1976-1979).   Personnel  of  the  U.S.D.A.  Soil  Conservation  Service  have 
described  the  soil  of  the  Agropyron  site  as  a  well-drained,  fine, 
montmorillonitic  Borollic  Camborthid  with  plentiful  free  lime  at  20  cm  and 
roots  to  1.5  m.   It  has  been  identified  as  a  Kobar  silty  clay  loam  which 
developed  on  alluvium  lying  in  simple  relief  with  a  two  percent  north  slope. 
The  soil  of  the  Bouteloua  site  was  described  as  a  well-drained,  fine  loamy, 
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frigid  calcareous  Ustic  Torriorthent  with  plentiful  free  lime  at  75  cm  and 
roots  to  105  cm.   This  soil  has  been  identified  as  a  Havre  variant  loam 
developed  on  a  high  alluvial  terrace  with  simple  relief  and  a  one  percent  east 
slope.   Neither  site  was  grazed  by  livestock  during  the  period  from  1977 
through  1980. 

At  each  site,  twelve  14  x  14  m  plots  received  six  different  irrigation 
treatments,  each  replicated  twice.   Control  plots  received  no  supplemental 
water.   Plots  in  which  summer  showers  were  simulated  were  guaranteed  6  mm  or  12 
mm  of  water  per  week.   Soils  of  the  fall  and  spring  wet  plots  were  filled  to 
field  capacity,  to  a  depth  of  75  cm,  by  irrigations  in  May  and  June  and 
September  and  October,  respectively.   The  final  treatment,  a  continuously  wet 
regime,  was  given  25  mm  of  water  per  week  in  the  May  through  August  period. 
The  soil  water  status  resulting  from  these  treatments  is  summarized  in  Figure 
1.   Further  details  on  irrigation  procedures  and  applications  and  soil  water 
conditions  may  be  found  in  Weaver  et  al .  (1981). 

Soils  were  sampled  for  nematodes  on  15  July  and  20  August  1980.   In  each 
plot  two  composite  sarnies  were  collected,  each  consisting  of  six  King  tube 
cores  (10  cm  x  2  cm  diameter)  taken  either  at  positions  2,  4,  6,  8,  10,  12  or 
3,  5,  7,  9,  11,  13  meters  from  the  end  of  strip  2  (Weaver  et  al .  1981).   The 
four  samples  from  each  of  the  six  treatments  were  then  shipped  on  ice  to 
laboratory  facilities  at  Brookings,  South  Dakota  for  analysis.   They  arrived 
cold  in  one  day  and  were  refrigerated  at  4  C  until  analyzed. 

Nematodes  were  extracted  from  the  soil  by  wet  screening  followed  by 
Baermann  funnel  extraction  (Cristie  and  Perry  1951).   The  efficiency  of  the  wet 
screening  was  determined  by  re-extracting  the  soil  sample.   Efficiency  of  the 
Baermann  funnel  was  established  by  examining  approximately  10  percent  of  the 
residue  to  determine  the  number  of  nematodes  that  failed  to  pass  through  the 
funnel.   Nematode  numbers  were  then  corrected  for  the  overall  extraction 
efficiency,  which  varied  from  60  to  70  percent.   Density  estimates  were  made  by 
counting  the  number  of  nematodes  found  under  60x  magnification  in  three  one  ml 
aliquots  of  a  50  ml  suspension  in  Scott  hookworm  larvae  counting  slides. 
Biomass  estimates  were  determined  by  the  method  of  Andrassay  (1956)  and 
converted  to  dry  weight  by  multiplying  by  0.25  (Smolik  1974).   Generic 
identifications  and  measurements  for  biomass  determinations  were  made  from 
permanent  mounts  (Thorne  1961)  of   approximately  one  thousand  randomly  selected 
individuals . 

Results  and  Conclusions 

Nematodes  are  common  in  natural  Agropyron  smithii  and  Bouteloua  gracilis 
grasslands.   In  a  relatively  dry  year,  1.6  to  3.1  million  animals  per  square 
meter  were  found  in  the  top  ten  cm  of  the  soil  alone.   At  midsummer  45  percent 
of  these  were  plant-feeding  but  by  late  summer  that  proportion  had  declined  to 
28  percent  (Table  1) . 

Nematode  faunas  of  the  Bouteloua  and  Agropyron  grasslands  were  similar 
(Table  2).   Five  plant-feeding  genera  were  common  in  both:   Ty lencorhyncha , 
Helicotylencus ,  Paratylencus ,  Tylenchinae,  and  Dorylamida.   Two  plant-feeding 
genera,  Xiphinema  and  Praytylenchus ,  were  present  but  rare  in  both  grasslands. 
Nematodes  that  feed  on  bacteria,  fungi,  and  dead  plant  material  were  also 
common  in  both  grasslands.   Some  nematodes  such  as  Tylenchorhyncha  and 
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Figure  1.   Effects  of  irrigation  on  soil  water  potential  at  10  cm  in 
Agropyron  smithii  (AGSM)  and  Bouteloua  gracilis  (BOGR)  grasslands. 
Treatments  including  0  mm,  6  mm,  12  mm,  and  25  mm  (wet)  per  week,  spring 
wet,  and  fall  wet,  are  described  in  the  text.   Shading  indicates  the  level 
of  water  stress:   clear  =  0-2  bars,  stippled  =  2-5  bars,  hatched  =  5-15  bars, 
and  black  =  15  bars.   Double  lines  indicate  the  beginning  and  end  of  the 
soil  water  measurements  made  in  1977,  1978,  and  1979. 
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Table  1.   Numbers  of  nematodes  by  feeding  group  in  differentially-irrigated 
Agropyron  smithii  and  Bouteloua  gracilis  grasslands.   Data  for  15  July  (1)  and 
20  August  (II)  1980  are  given.   Values  represent  thousands  of  nematodes  per 
square  meter  in  the  0-10  cm  horizon.   Each  datum  is  a  mean  of  four  samples, 
each  formed  by  compositing  six  soil  cores. 
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1.  Plant  feeders  include:   Helicorhynca,  Paratylenchus ,  Praytylenchus , 
Tylenchinae,  and  Xiphinema. 

2.  The  Dorylamida  are  predators,  feeding  on  both  plants  and 
invertebrates . 

3.  Genera  included  in  the  microbe  feeders  have  not  yet  been  enumerated. 
They  were  recognized  by  their  mouthparts . 
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Table  2.   Numbers  of  nematodes  by  Taxon  in  differentially  irrigated 
Agropyron  smithii  and  Bouteloua  gracilis  grasslands.   Data  for  15  July  (I) 
and  20  August  (II)  1980  are  given.   Values  represent  thousands  of  nematodes 
per  square  meter  in  the  1-10  cm  horizon.   Each  datum  is  a  mean  of  four 
samples,  each  formed  by  compositing  six  soil  cores. 
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Praytylenchus ,  seem  to  prefer  Boutelua  grasslands,  while  some,  He 1 icorhyncha 
and  Xyphinema,  prefer  Apropyron  grasslands.   Paratylenchus ,  Tylenchinae, 
Dorylamida,  and  the  saprobes  did  not  discriminate  between  grasslands. 

The  three  paragraphs  which  follow  argue  that  temperature,  water-oxygen 
availability,  and  plant  biomass  are  important  determinants  of  nematode  numbers 
and  that  these  factors  affect  genera  differently. 

Under  controlled  conditions,  the  numbers  of  all  groups  of  nematodes 
increase  as  the  season  progresses.   We  deduce  that  population  size  is  either 
proportional  to  time  since  a  threshold  temperature  was  reached,  or  that  the 
warmer  soil  temperatures  of  August  were  more  favorable  than  those  in  July. 
Because  the  temperature  differences  were  small,  the  first  hypothesis  is 
favored. 

The  tendency  for  numbers  to  increase  with  time  (or  temperature)  should  be 
exhibited  in  any  irrigated  treatments  where  water-oxygen  does  not  become 
limited  as  a  result  of  irrigation.   By  this  test,  water  begins  to  restrict 
Ty lenchorhyncha ,  Helicotylencus ,  and  the  microbe  feeders  in  the  6  mm  irrigation 
treatment;  and  Paratylenchus  and  Tylenchinae  in  the  12  mm  irrigation  treatment. 
Water  fails  to  limit  Praytylenchus  and  Dorylamida,  even  in  the  wet  irrigation 
treatment.   The  data  are  inadequate  to  evaluate  the  water  tolerance  of 
Xyphinema. 

Root  and  rhizome  biomass  in  surface  soils  increases  with  increasing  water 
supplies.   In  May  1980,  for  example,  biomasses  were  385,  366,  577,  539,  and  654 
grams  per  square  meter  in  the  0,6  mm,  12  mm,  fall  wet,  spring  wet,  and  wet 
treatments,  respectively.   The  fact  that  population  sizes  of  all  genera 
increase  with  water  additions—despite  limitations  by  the  water-oxygen  factor- 
demonstrates  the  importance  of  roots  and  rhizomes  as  either  a  direct  or 
indirect  food  source.   The  demonstration  is  perhaps  clearest  in  the  fall  wet 
treatment  which  has:   (1)  a  summer  water  regime  that  is  similar  to  the  control 
(Figure  1) ;  (2)  significantly  greater  root-rhizome  masses  (385  versus  577  grams 
per  square  meter);  (3)  greater  nematode  densities  in  August  (Table  1  and  Table 
2);  and  (4)  similar  initial  (July)  nematode  numbers  to  show  that  August 
differences  were  not  due  to  over-winter  conditions. 

The  interaction  of  the  temperature,  food,  and  water-oxygen  resource  factors 
determines  the  population  size  of  nematodes  in  major  functional  groups.   A 
review  of  the  data  indicates  that:   (1)  Plant  feeding  nematodes  increase  with 
small  additions  of  water  (6  and  12  mm  treatments),  but  tend  to  decline  with 
very  large  additions  (wet  treatment).   This  response  is  due  primarily  to 
Ty lenchorhynca ,  Helicotylenchus ,  and  Paratylenchus .   Tylenchinae,  Xiphinema, 
and  Praytylenchus  are  less  strongly  influenced  by  water  treatments.   (2)  The 
Dorylamida,  which  feed  on  both  plants  and  microfauna,  increased  with  small 
irrigations  but  decreased  under  the  wet  treatments  at  mid-summer  to  equal  the 
numbers  found  in  the  12  mm  water  treatment  in  late-summer;  (3)  The  numbers  of 
nematodes  feeding  on  microbes  are  little  affected  by  any  but  the  wet  and  spring 
wet  treatments.   In  those  treatments  they  seem  to  be  inhibited  by  August 
conditions.   (4)  Increasing  simulated  showers  from  0  to  6  to  12  mm  per  week 
resulted  in  increases  in  total  nematode  densities.   Further  increases  in 
moisture  (to  25  mm/week)  resulted  in  density  decreases  in  the  Bouteloua 
grassland  and  a  stabilization  of  density  in  the  Agropyron  grassland.   Our  data 
are  preliminary  so  no  statistical  tests  have  been  applied. 
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The  tendency  for  nematode  numbers,  especially  numbers  of  plant-feeding 
nematodes,  to  increase  with  even  small  increases  in  soil  water  suggests  that 
nematode  control  measures  might  be  necessary  to  maximize  the  grassland  harvest 
benefits  of  irrigation  or  weather  modification  programs. 
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ABOVEGROUND  PEST  ATTACK  INDUCED  BY  SIMULATED  RAINSHOWERS 
IN  AN  AGROPYRON  GRASSLAND 

By 

T.  Weaver  and  D.  Yount 

Abstract 

Local  showers  are  not  expected  to  increase  rates  of  insect  or  fungal 
attack.   Ergot  is  a  possible  exception.   Because  plant  production  is  greatly 
increased  by  heavy  watering,  absolute  attack  rates  rise  even  if  rates  of  attack 
do  not;  under  very  wet  conditions  control  measures  may  therefore  be  desirable. 

Introduction 

Increases  in  water  availability  are  expected  to  increase  gross  rangeland 
yields  (Collins  and  Weaver  1978,  Weaver  1981,  and  Weaver  et  al.,  1981). 
Because  net  increases  are  determined  by  pest  consumption  as  well  as  gross 
production,  Smolik  and  Weaver  (1981)  have  examined  the  impact  of  nematodes  as  a 
major  below-ground  pest.   This  report  considers  the  effects  of  other 
aboveground  competitors,  including:   bacteria,  fungi,  and  chewing  insects.   One 
fungus,  Claviceps  purpurea  received  special  attention  because  it  induces 
abortions  in  cattle  as  well  as  competes  with  humans  for  food. 

Methods 

The  general  method  used  has  been  to  simulate  six  rainfall  modification 
regimes  with  sprinkler  irrigation  and  to  observe  the  response  of  pest 
populations  to  treatments.   Twelve  experimental  plots  (14  m  x  14  m)  in  an 
Agropyron  smithii  grassland  were  treated.   Two  control  plots  (0  mm)  were  left 
unwatered.   Approximately  160  mm  of  water  was  applied  to  each  of  two  'fall  wet1 
plots  in  three  to  four  applications  during  September  of  each  year;  this  filled 
their  soils  with  water  to  field  capacity  to  75  cm.   Soils  were  similarly  filled 
in  six  May  and  June  applications  in  two  'spring  wet'  plots.   Twice  replicated 
summer  shower  treatments  included  one  with  summer  showers  supplemented  to  6  mm 
per  week,  one  with  summer  showers  supplemented  to  12  mm  per  week,  and  one  with 
irrigation  sufficient  to  prevent  soil  water  tensions  greater  than  2  bars,  at 
least  25  mm  per  week  of  additional  water.   Irrigation  was  done  in  the  early 
morning,  at  light  wind  speeds,  and  with  drop  sizes  ca.  1.75  mm.   Other  details 
of  methods  and  timing  of  applications  are  presented  in  Weaver  et  al.  (1981). 

Effects  of  water  on  pests  will  be  principally  through:  (1)  alterations  in 
plant  and  soil  water  stress  levels  as  summarized  by  Weaver  et  al  (1981);  and 
(2)  changes  in  moist  leaf  periods  suggested  by  the  watering  periods  presented 
above . 

Attack  by  chewing  insects  and  leaf  spot  fungi  and/or  bacteria  was  indexed 
by  determining  the  proportion  of  leaves  attacked.   On  30  August  1977,  the 
plants  nearest  to  points  1  to  10  m  from  the  edge  of  the  irrigated  plots  in 
strips  1,  3,  5,  7,  and  9  were  harvested,  pressed,  and  dried.   Each  leaf  was 
examined  for  the  presence  of  bacterial-fungal  leaf  spot,  and  the  percentage  of 
leaves  attacked  was  calculated.   Sample  sizes  ranged  from  395  to  669.   Plants 
were  preserved  so  the  development  of  any  leaf  spot  epidemic  that  may  develop 
could  be  retraced.   Similar  observations  were  made  on  plants  collected  on  9, 
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16,  and  23  August  1978  (183-174  leaves)  and  15  August  1979  (105-124  leaves); 
these  leaves  were  collected  by  a  similar  objective  method  and  preserved  after 
their  water  potentials  had  been  measured.   Insect  chews  were  counted  on  the 
same  leaf  samples  and  the  percentage  attack  was  indexed  by  calculating  the 
percent  of  leaves  observed  which  had  been  chewed. 

Ergot  attack  was  indexed  by  counting  all  Agropyron  smithii  culms  in  1  x  14 
m  quadrats,  counting  infected  culms,  and  expressing  infection  rates  as  a 
percentage  of  culms  infested.   Quadrats  were  alternate  strips  across  the  14  m  x 
14  m  irrigated  plots  (i.e.,  strips  1,  3,  5,  7,  and  9,  cf  Weaver  et  al.,  1981). 
Ergot  counts  were  made  on  1  September  1977,  1  September  1979,  and  18  August 
1980;  affected  culms  were  not  counted  in  1978  because,  although  sclerotia  were 
present  in  all  plots,  many  were  assumed  to  have  been  knocked  off  the  host 
plants  by  a  severe  hailstorm  and  others  were  hidden  in  the  tangled  and  matted 
vegetation. 

Results 

Irrigation  treatments  have  caused  little  increase  in  aboveground  species 
which  compete  directly  or  indirectly  with  man.   However,  pest  populations  are 
expected  to  respond  to  environmental  change  more  slowly  than  most  producer 
populations  because  either  they  must  grow  in  response  to  increased  resource 
availability  and/or  invade.   Conclusions  drawn  after  only  three  years  of  study 
are  therefore  preliminary. 

Leaf  spot  fungi  were  twice  as  plentiful  in  cool  wet  1978  as  in  drier  1977 
and  1979  suggesting  that  fungi  thrive  when  regional  conditions  raise  humidities 
and  keep  water  available  in  the  canopy  for  long  periods.   On  the  other  hand,  no 
significant  increase  in  leaf  spotting  due  to  irrigation  was  observed  except  in 
the  1979  wet  treatment.   It  is  suggested  that  when  small  areas  are  wet,  leaf 
surfaces  will  dry  quickly  and  pathogens  will  not  be  favored. 

Similarly,  Claviceps  purpurea  (ergot)  was  common  in  all  plots  in  wet  1978 
and  rare  in  1977  and  1979.   Percentages  of  culms  infected  were  also 
significantly  (p  less  than  0.05,  t-test)  higher  in  the  wet  plot  (1977  and 
1979),  in  the  spring  wet  plot  (1977),  and  in  the  fall  wet  plot  (1979), 
suggesting  that  local  showers  might  increase  infection  rates.   Ergot  deserves 
special  attention  on  rangeland  because  it  contains  a  toxin  and  abortifacient 
(Alexopolus,  1962).   Ergot  counts  from  1978  are  unavailable  because  a  violent 
hailstorm  knocked  sclerotia  from  seed  heads. 

Unlike  fungi,  chewing  insects  had  smaller  effects  in  cool,  wet  1978  than  in 
1977  and  1979.   However,  irrigation  treatments  had  no  significant  effect  on 
insect  chews  per  100  leaves.   It  is  therefore  expected  that  region-wide  changes 
in  conditions  will  affect  chewing  insects  while  local  showers  will  have  little 
effect.   It  can  be  further  decuded  that  mobile  chewing  insects  will  have  little 
differential  effect  (that  is,  no  apparent  preference)  on  local  wetter  or  drier 
areas . 

In  considering  these  results,  two  indices  of  impact  should  be  contrasted. 
First,  in  considering  insect  and  fungal  attack,  rate  of  attack- -attacks  per  100 
leaf  or  head  units --has  been  used  to  determine  whether  the  relative  impact  is 
changed  by  irrigation  (i.e.,  whether  the  attack  worsens  when  water  is  added). 
This  index  of  relative  impact  slightly  overstates  the  impact  of  consumers  on 
plants  of  wet  plots  because  the  area  of  a  leaf  grown  under  wet  conditions  is 
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larger  than  that  of  one  grown  under  dry  conditions.   Second,  if  relative  impact 
(Table  1)  is  multiplied  by  the  total  biomass  produced  an  index  of  absolute 
destruction  (Table  2)  is  created.   This  index  is  more  appropriate  to  energy- 
nutrient  flow  and  some  economic  considerations.   Therefore,  it  may  be  concluded 
that  although  the  rate  of  attack  (percent  material  taken)  was  lowered  slightly 
by  heavy  watering,  the  magnitude  of  attack  (amount  taken)  increased.   Thus, 
even  if  rates  of  attack  remain  constant,  increased  plant  production  could 
eventually  result  in  absolute  losses  to  pests  which  may  be  worth  combating 
whith  pest  management  practices. 
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Table  1.   The  Effects  of  Water  Supplements  on  Pest  Attack  rates  . 

MOISTURE  REGIME 


Pest 

Year 
1977 

Control 
0±0 

6  mm 
0±0 

12mml 
0±0 

FW1 

SW 
14±4 

Wl 

IT 

Ergot2 

0±0 

16±6 

1979 

0±0 

0±0 

0±0 

0.02±0.02 

0±0 

0 

. 11±0.06 

1980 

0±0 

0±0 

0±0 

0±0 

0±0 

0±0 

Leaf  Spot3 

1977 

10±3 

8±1 

10±2 

12±1 

10±2 

9±0 

1978 

20±3 

21±3 

25±2 

22±4 

10±3 

19±3 

1979 

11±2 

13±2 

8±4 

14±3 

10±3 

17±1 

Insects4 

1977 

14±6 

20±4 

25±1 

17±4 

21±1 

13±4 

1978 

3±2 

1±1 

3±1 

4±1 

2±1 

2±1 

1979 

15±6 

15±1 

15±4 

13±4 

16±2 

11±5 

In  1977,  the  12  mm  plot  received  water  supplements  12  mm  per 
fortnight  rather  than  12  mm  per  week  and  the  fall  wet  treatment  was 
not  watered  in  the  fall  of  1976. 

Listed  are  the  percent  of  ergot,  Claviceps  purpurea,  infested  culms 
The  1978  data  were  not  gathered  due  to  hail  destruction. 

Listed  are  the  bacterial  or  fungal  leaf  spots  per  100  leaves. 

Listed  are  the  number  of  insect  chews  per  100  leaves. 
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Table  2.   The  Effect  of  Water  on  Total  Pest  Impact  (rate  of  attack  x 
quantity  of  forage). 

MOISTURE  REGIME 


Pest 

Year 

Control 

6mm 

12mml 

FW2 

SW 

WET 

Ergot3 

1977 

0 

0 

0 

0 

196 

8 

1979 

0 

0 

0 

7 

0 

24 

1980 

0 

0 

0 

0 

0 

0 

Leaf  Spot4 

1977 

670 

592 

810 

852 

2700 

2538 

1978 

5420 

5880 

8600 

12914 

5290 

17537 

1979 

1221 

1144 

848 

4214 

1630 

10489 

Insects5 

1977 

938 

1480 

2025 

1207 

5670 

3666 

1978 

813 

280 

1032 

2348 

1058 

1846 

1979 

1665 

1320 

1590 

3913 

2608 

6787 

1.  In  1977,  the  12  mm  plot  received  water  supplements  of  up  to  12  mm  per 
fortnight  rather  than  12  mm  per  week. 

2.  The  fall  wet  plot  was  not  watered  in  the  fall  of  1976  and  so  served 
as  a  second  control. 

3.  Ergot  attack  was  indexed  as  sclerotia/100  culms  x  culms  per  square 
meter . 

4.  Leaf  spot  attack  was  indexed  as  spots  per  100  leaves  x  maximum 
biomass  (gms/square  meter) . 

5 .  Chewing  insect  damage  was  indexed  as  chews  per  100  leaves  x  maximum 
biomass  (gms/square  meter) . 
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SHORT-GRASS  RANGELAND  ARTHROPOD  COMMUNITY  RESPONSE  TO 
PERTURBATION:   EFFECTS  OF  WATER  AND  MOWING  ON  DENSITY 

By 

B.  Haglund 

Abstract 

Effects  of  irrigation  and  mowing  were  tested  experimentally  in  two  years, 
1978  and  1979,  on  the  above  ground  arthropod  community  of  a  semi-arid,  cool 
grassland.   The  objective  was  to  develop  a  predictive  capability  for  assessing 
impacts  of  water  augmentation  by  weather  modification  concurrent  with  cattle 
grazing  on  the  arthropods.   Soil  water  was  maintained  at  four  levels  in  each  of 
the  two  years;  mowing  with  removal  of  cut  plant  matter  to  10  cm  height  was  done 
once  annually  near  the  summer  solstice.   The  principal  arthropod  functional 
groups  present  in  the  soil  surface  and  foliage  responded  sharply  to  water 
additions  and  mowing.   Herbivores,  whether  sap-feeding  or  chewing,  were 
positively  affected  by  water  as  were  predators  except  early  in  the  second  year 
when  density  was  negatively  correlated  with  soil  water  status.   Mowing 
negatively  affected  all  groups  but  particularly  depressed  the  predatory  species 
except  late  in  the  first  season  when  sap-feeders  and  predators  were  in  greatest 
abundance  on  mowed  plots.   The  principal  effect  of  water  additions  was  to  raise 
arthropod  density  after  peak  densities  had  been  achieved;  timing  of  peak 
densities  was  not  altered. 

Soil  water  status  was  well  correlated  with  sap-feeder  and  predator  density 
and  diversity  on  all  sample  occasions  with  correlation  coefficients  as  high  as 
0.98.   Predators  were  more  highly  correlated  with  sap-feeding  insect  density 
and  total  arthropod  density  than  with  soil  water  status.   This  indicates  a 
numeric  response  on  their  part  to  an  increase  in  prey  density.   Sap-feeding 
insects  were  also  positively  associated  with  increases  in  plant  tillers  and 
nitrogen  concentration. 

Negative  correlations  of  sap-feeding  and  chewing  insect  density  with  soil 
water  status  early  in  the  1979  season  suggest  that  either  plants  made  more 
robust  by  previous  water  enrichment  were  avoided  by  some  herbivores  or  drier 
soil  conditions  enhanced  insect  development.   Overall  levels  of  chewing  insect 
density  changed  just  slightly  with  water  additions  or  mowing.   A  higher 
proportion  of  the  chewing  insect  fauna  was  made  up  of  economically  important 
pest  species  under  dry  conditions,  whereas  when  water  was  added  fewer  known 
chewing  insect  pests  were  found.   Whether  or  not  weather  modification  can  add 
quantities  of  water  sufficient  to  alter  arthropod  densities  or  increase  forage 
production,  livestock  managers  may  be  able  to  manipulate  the  vegetation  through 
various  stocking  practices  to  encourage  spiders  and  other  predators.   This 
would  help  to  diminish  potentially  injurious  insects. 
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Introduction 

The  influence  of  weather  upon  economically  significant  grassland  arthropod 
species  has  been  extensively  studied,  particularly  its  effects  on  grasshoppers 
and  other  perceived  pests  (Uvarov  1931,  White  1976,  Pickford  1966,  and  Gossard 
and  Jones  1977).   To  a  much  lesser  extent  grassland  arthropod  community 
responses  to  weather  have  been  researched.   Most  of  these  communities  are 
numerically  comprised  of  non-pest  species  (Kirchner  1977,  Waloff  1980,  and 
Hewitt  and  Burleson  1976). 

Of  the  weather  components  thought  to  influence  grassland  ecosystems, 
precipitation  has  been  held  to  be  most  influential  because  it  is  needed  for 
transpiration,  is  erratic  in  distribution,  and  is  generally  inadequate  to 
completely  satisfy  plant  water  demands.   The  arthropod  community,  being 
dependent  upon  water  directly  and  indirectly  through  the  plants,  may  respond 
sharply  to  different  levels  of  precipitation.   There  may  be  a  subsequent 
feedback  effect  upon  the  plants  as  the  intensity  of  herbivory  or  nutrient 
cycling  are  altered. 

In  an  experiment  relevant  to  consideration  of  precipitation  or  irrigation 
effects  on  a  short  grass  prairie  system's  arthropod  community,  Kirchner  (1977) 
reported  the  effects  of  intensive  watering  and  fertilization.   Fertilization 
has  been  used  as  an  experimental  influence  on  grassland  arthropod  communities 
elsewhere  (Hurd  and  Wolf  1974).   Livestock  grazing  is  a  much  more  widespread 
and  frequent  management  practice  on  grasslands  and  has  a  great  likelihood  of 
affecting  the  arthropods.   Ecological  effects  of  livestock  could  be  direct 
(e.g.,  droppings  available  to  manure  feeders)  or  indirect  (e.g.,  alteration  of 
microclimate  as  plants  are  trampled  or  eaten)  (Morris  1967,  1968  and  Holmes  et 
al.,  19  79).   Forage  harvest  on  grasslands  by  mowing  is  common  and  has  received 
some  attention  as  an  influence  on  arthropods  (Southwood  and  van  Emden  1967  and 
Muller  et  al. ,  1978). 

This  experiment  is  concurrently  testing  soil  water  and  mowing  influences  on 
a  community  of  above  ground  grassland  arthropods.   Soil  water  content  is  an 
integrated  response  to  several  abiotic  and  biotic  factors.   Chief  among  these 
are  precipitation,  temperature,  humidity,  wind  speed,  soil  texture,  soil 
organic  matter,  and  leaf  area.   In  this  experiment  natural  precipitation  is 
augmented  by  irrigation  to  maintain  soil  water  at  non-stress  levels  for  varying 
periods  of  time  in  the  growing  season  (details  on  the  treatments  are  presented 
in  the  paper  on  water  and  grazing  effects  on  short  grass  vegetation- -this 
report) . 

Weather  modification  to  alter  precipitation  by  deliberate  cloud  seeding,  or 
by  release  of  pollutants  from  electrical  generation  and  fuel  conversion  plants 
in  the  Great  Plains,  could  alter  precipitation  and  thus  soil  moisture. 
Irrigation,  of  course,  is  a  common  practice  on  some  intensively  managed 
grasslands.   Mowing  is  done  to  test  its  effects  directly  and  to  suggest  some 
ways  in  which  cattle  grazing  may  influence  the  arthropods. 

An  increase  in  the  length  of  time  that  water  is  available  to  the  plants  may 
have  many  effects  on  the  arthropod  community  (e.g.,  egg  hatching  success 
changed  by  soil  humidity  changes).   However,  it  is  expected  to  be  of  greatest 
significance  as  it  influences  the  nutritional  environment  of  herbivores.   The 
hypothesis  is  posed  that  most  arthropod  chewing  herbivores  will  decline  as 
water  is  made  more  available.   This  may  be  due  to  a  lowered  plant  nitrogen 
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concentration,  decreased  concentration  of  nonstructural  carbohydrates,  and  an 
increase  in  the  rate  of  plant  development  (Haglund  1980  and  Bokhari  1978). 

Although  some  sucking  insects  increase  following  periods  of  plant  stress 
(van  Emden  and  Bashford  1969),  it  is  expected  that  greater  total  numbers  will 
occur  where  increased  soil  water  allows  increased  levels  of  plant  sap  movement 
(Claridge  and  Wilson  1978).   A  more  moist  microclimate,  greater  prey  density, 
and  increased  vegetation  structural  complexity  may  be  important  positive 
influences  on  predators  as  soil  water  is  increased. 

Mowing  greatly  simplifies  vegetation  structure  as  does  intensive  grazing. 
The  arthropod  community  response  should  be  lower  total  numbers  of  individuals 
and  species,  plus  a  decline  in  diversity.   Some  species  tend  to  favor  mowed  or 
grazed  habitats,  however.   Recovery  of  vegetation  height  and  cover  can  be 
expected  where  added  water  makes  regrowth  possible.   A  general  increase  in 
plant  nutritional  value  might  also  ensue  under  those  conditions,  as  tillers  and 
other  new  growth  emerge  late  in  the  season. 

Methods 

The  eastern  Montana  site  where  the  experiment  was  conducted  was  described 
thoroughly  in  an  earlier  paper  of  this  report;  experimental  manipulations  were 
also  detailed  in  that  paper.   Those  discussions  will  not  be  repeated  here, 
although  it  should  be  noted  that  in  the  two  years  of  study  the  "drought"  (DRT) 
plots  dried  earlier  at  all  depths  than  the  controls  (CTL) ,  which  received 
ambient  rainfall.   The  "spring  wet"  (SWT)  regime  became  dry  in  the  upper  soil 
layers  in  August  1978  and  July  1979  while  the  "wet"  (WET)  plots  never  suffered 
water  stress  beyond  -2  bars.   Thus  plants  growing  there  were  unlikely  to  be 
water  limited. 

Sampling  of  arthropods  was  done  by  two  methods:   D-Vac  suction  sampling  and 
sweep  netting.   The  former  method  was  conducted  at  approximately  two-week 
intervals  during  each  season,  while  the  sweep  netting  was  done  only  in  1979  at 
monthly  intervals.   Suction  samples  (0.09  m  ),  n  =  10  per  sample  set,  were  made 
at  regular  intervals  on  the  plots  early  in  the  morning  before  arthropods  warmed 
up  and  became  mobile.   The  interval  of  space  between  suction  spots  was  randomly 
determined  on  each  occasion.   The  suction  sample  was  held  one  cm  above  ground 
level  for  30  sec,  animals  and  debris  caught  in  the  organdy  sacks  were 
transfered  to  small  paper  sacks,  kept  cool,  and  were  later  frozen  for  at  least 
two  weeks  before  sorting.   Sweep  net  samples,  n  =  5,  were  taken  in  mid-morning 
with  ten  ground  level  strokes  through  the  vegetation  per  sample.   The  net  was 
then  emptied  into  a  paper  sack  and  the  sample  was  treated  as  noted  above.   The 
route  walked  while  sweep  netting  was  determined  randomly  on  each  sample 
occasion. 

The  frozen  samples  were  hand-sorted  under  a  dissecting  microscope. 
Organisms  were  tabulated  and  counted  by  functional  groups  after  being  dried  at 
50  to  60  C  for  24  hours. 

Statistical  tests  to  determine  the  relationships  among  sample  populations 
were  done  by  analysis  of  variance  (ANOVA) .   Some  data  sets,  particularly  those 
with  a  high  frequency  of  zero  counts,  were  not  normally  distributed.   However, 
a  few  test  runs  with  transformations  applied  to  the  data  showed  that  levels  of 
significant  difference  did  not  change  so  data  were  not  transformed.   Duncan's 
multiple  range  test  was  used  to  test  for  differences  between  sample  means. 
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Results  and  Discussion 

Density  responses  of  the  three  main  functional  groups  of  rangeland 
arthropods  are  portrayed  in  detail  in  Tables  1-6.   The  groups  are  two  types  of 
plant-feeder,  chewing  or  sap-feeding,  insects  and  predators  which  feed  on  the 
herbivores.   Scavenging,  pollinating,  and  decomposing  associated  arthropods 
were  relatively  uncommon.   And  because  they  are  less  clearly  associated  with 
short-term  vegetation  responses  they  were  not  studied. 

Water  additions  raise  the  densities  of  both  sap-feeding  insects  and  their 
associated  predators.   These  increases  are  relatively  greater  in  the  latter 
half  of  the  growing  season,  rather  than  the  early  portion  of  the  season.   Sap- 
feeding  insect  densities  are  as  much  as  three  to  four-  fold  greater  on  plots 
with  freely  available  soil  water  than  on  the  control  plots  at  the  season  end  (p 
less  than  0.001).   A  severe  decline  in  density  occurred  in  both  years  as  the 
surrounding  grasslands  dried,  even  on  plots  which  continued  to  have  wet  soil  (p 
less  than  0.001).   This  suggests  two  possibilities.   One,  that  the  experimental 
plots  were  "islands"  to  the  organisms,  and  thus  density  estimates  are  depressed 
below  insect  densities  which  would  actually  prevail  following  weather 
modification  over  a  wide  area.   Two,  an  intrinsic  pattern  of  plant  activity 
(e.g.,  growth  or  translocation)  exists  in  the  system  that  is  not  altered  by 
watering.   The  demonstration  of  western  wheatgrass  growth  peaks  at  the  same 
time  each  year  under  greatly  different  water  regimes  is  strong  support  for  the 
second  explanation  (Newbauer  and  Weaver  MS  in  preparation) . 

A  more  specific  look  at  the  sap-feeding  insect  data  (Tables  1  and  4)  shows 
density  declines  occurred  in  the  same  order  as  experimental  treatments  were 
depleted  of  water.   In  1978,  density  declines  happened  in  the  order:   DRT-CTL- 
SWT  (p  less  than  0.05);  during  1979  the  DRT  and  CTL  declines  were  synchronous 
but  significantly  earlier  (p  less  than  0.05)  than  that  on  the  SWT  plots.   In 
both  years,  WET  plot  sap-feeding  insect  densities  remained  constant  on  the  non- 
mowed  areas  during  the  second  half  of  the  sampling  season  (p  greater  than  0.1). 

Figures  1  through  3  portray  the  sweep-net  sample  data  from  the  treatment 
plots  in  1979  for  the  three  functional  groups.   They  supplement  the  suction 
sample  data  by  representing  more  accurately  the  density  of  chewing  insects 
(which  when  large  are  poorly  sampled  by  suction  techniques).   Wind  blast  in 
advance  of  the  net  knocks  many  small  arthropods  off  the  plants  so  their  numbers 
may  be  under-represented. 

Four  points,  similar  to  those  made  from  the  suction  sample  data,  can  be 
made  following  analysis  of  the  sweep-net  samples.   One,  watering  to  WET 
conditions  significantly  increases  the  numbers  of  all  three  groups  after  the 
first  sample  date  (p  less  than  0.01).   Sap-feeding  insects  are  significantly 
more  abundant  on  the  SWT  treatments  than  on  unwatered  plots  only  in  the  5  July 
sample.   Two,  except  in  the  first  1979  sample  (5  June),  mowing  shows  a 
depressing  effect  on  numbers  which  is  significant  (p  less  than  0.05)  except 
when  numbers  on  either  treatment  approach  zero  (e.g.,  4  August  chewing  insects 
-  CTL).   Three,  again  the  predators  are  tightly  correlated  with  prey.   This 
further  substantiates  the  numeric  response  to  prey  which  is  a  negative  feedback 
control.   Four,  both  sets  of  plant-feeding  insects  are  significantly  more 
abundant  (p  less  than  0.05)  on  the  drier  plots  early  in  the  season.   These 
considerations  will  be  discussed  below. 
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Table  1.   Suction  sampling  density  (mean  no.  per  0.1  square  meter)  of 
sap-feeding  insects,  Avg  ±  one  s.e.,  as  affected  by  water  and  mowing 
treatments,  1978.   See  text  for  treatment  specifications. 


MOISTURE  REGIME 


Sample 

Mowing 

DRT 

CTL 

SWT 

WET 

Date 

Treat 

1 

2 

1 

2 

1 

2 

1 

2 

6/6 

UNM 

122 

133 

108 

153 

129 

142 

117 

138 

(21) 

(33) 

(27) 

(28) 

(18) 

(26) 

(27) 

(31) 

27/6 

UNM 

218 

192 

231 

205 

283 

199 

221 

247 

(31) 

(36) 

(41) 

(42) 

(39) 

(29) 

(38) 

(43) 

10/7 

UNM 

523 

548 

576 

502 

606 

561 

543 

582 

(122) 

(131) 

(142) 

(153) 

(171) 

(136) 

(122) 

(150) 

MOW 

109 

132 

152 

106 

191 

143 

204 

132 

(18) 

(19) 

(23) 

(21) 

(14) 

(19) 

(31) 

(24) 

24/7 

UNM 

88 

62 

122 

107 

409 

362 

421 

403 

(21) 

(18) 

(17) 

(22) 

(31) 

(33) 

(30) 

(27) 

MOW 

21 

18 

26 

42 

163 

181 

210 

191 

(5) 

(8) 

(7) 

(9) 

(26) 

(19) 

(28) 

(31) 

1/8 

UNM 

42 

51 

84 

96 

281 

302 

341 

330 

(10) 

(18) 

(14) 

(16) 

(29) 

(28) 

(43) 

(39) 

MOW 

16 

31 

31 

46 

121 

151 

181 

208 

(4) 

(13) 

(18) 

(12) 

(23) 

(31) 

(36) 

(33) 

14/8 

UNM 

52 

43 

68 

71 

122 

143 

286 

304 

(17) 

(20) 

(18) 

(23) 

(37) 

(40) 

(52) 

(43) 

MOW 

61 

73 

52 

69 

163 

172 

242 

258 

(16) 

(11) 

(13) 

(16) 

(32) 

(27) 

(38) 

(33) 

29/8 

UNM 

31 

50 

36 

48 

82 

103 

251 

271 

(8) 

(11) 

(9) 

(14) 

(18) 

(21) 

(29) 

(27) 

MOW 

87 

102 

138 

117 

143 

221 

291 

324 

(14) 

(18) 

(12) 

(13) 

(23) 

(21) 

(30) 

(32) 
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Table  2.   Suction  sampling  density  (mean  no.  per  0.1  square  meter)  of  chewing 
insects,  Avg  ±  one  s.e.,  as  affected  by  water  and  mowing  treatments,  1978.   See 
text  for  treatment  specifications. 

MOISTURE  REGIME 


Sample 

Mowing 

DRT 

CTL 

SWT 

i 

WEI 

Date 

Treat 

1 

2 

1 

2 

1 

2 

1 

2 

6/6 

UNM 

12 

18 

29 

18 

21 

14 

10 

31 

(3) 

(3) 

(8) 

(5) 

(4) 

(3) 

(6) 

(8) 

27/6 

UNM 

42 

26 

31 

38 

51 

47 

33 

58 

(6) 

(7) 

(9) 

(12) 

(17) 

(15) 

(13) 

(12) 

10/7 

UNM 

63 

71 

58 

81 

68 

79 

86 

98 

(12) 

(13) 

(8) 

(15) 

(17) 

(13) 

(12) 

(21) 

MOW 

18 

15 

8 

21 

12 

16 

10 

8 

(4) 

(2) 

(2) 

(5) 

(4) 

(3) 

(2) 

(2) 

24/7 

UNM 

4 

2 

3 

6 

8 

3 

4 

9 

(1) 

(1) 

(3) 

(2) 

(1) 

(2) 

(3) 

(2) 

MOW 

3 

6 

9 

2 

7 

3 

1 

8 

(2) 

(3) 

(3) 

(1) 

(2) 

(1) 

(1) 

(3) 

1/8 

UNM 

4 

6 

10 

3 

5 

2 

10 

14 

(1) 

(2) 

(5) 

(2) 

(2) 

(1) 

(2) 

(3) 

MOW 

1 

0 

3 

2 

0 

1 

2 

3 

(1) 

(1) 

(1) 

(1) 

(1) 

(1) 

14/8 

UNM 

1 

3 

7 

2 

9 

17 

16 

21 

(1) 

(1) 

(2) 

(1) 

(2) 

(5) 

(3) 

(4) 

MOW 

1 

1 

2 

4 

3 

13 

13 

8 

(1) 

(1) 

(1) 

(2) 

(1) 

(6) 

(5) 

(2) 

29/8 

UNM 

4 

3 

2 

6 

8 

15 

18 

31 

(2) 

(2) 

(1) 

(1) 

(2) 

(4) 

(3) 

(6) 

MOW 

3 

1 

0 

2 

1 

4 

8 

7 

(1) 

(1) 

(1) 

(1) 

(2) 

(2) 

(4) 
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Table  3.   Suction  sampling  density  (mean  no.  per  0.1  square  meter)  of 
predatory  arthropods,  Avg  ±  one  s.e.,  as  affected  by  water  and  mowing 
treatments,  1978.   See  text  for  treatment  specifications. 

MOISTURE  REGIME 

Sample    Mowing      DRT         CTL         SWT         WET 

Date      Treat    1       2    1       2    1       2    1       2 


6/6 

UNM 

61 

82 

43 

71 

32 

31 

62 

84 

(9) 

(12) 

(11) 

(16) 

(12) 

(7) 

(14) 

(13) 

27/6 

UNM 

146 

81 

106 

93 

122 

103 

117 

102 

(41) 

(22) 

(18) 

(31) 

(28) 

(17) 

(29) 

(32) 

10/7 

UNM 

241 

282 

212 

239 

221 

251 

268 

284 

(21)   (42)   (31)  (36)  (28)  (43)  (41)  (47) 

MOW    42    61    81  29  82    69  72    83 

(7)    (6)   (12)  (8)  (15)  (17)  (26)  (18) 

24/7        UNM    83    47     71  62  291  228  208  182 

(23)   (16)   (21)  (18)  (29)  (18)  (19)  (15) 

MOW     13     12     12  28  81     72  102    93 

(5)  (6)  (16)  (21)  (23)  (18) 

26     32    39  51  162  171  179  181 

(9)  (10)  (14)  (19)  (22)  (26) 

15  30  53    61  84  101 

(8)  (12)  (14)  (19)  (22) 


13 

12 

12 

(4) 

(4) 

(5) 

26 

32 

39 

(5) 

(8) 

(9) 

15 

18 

15 

(3) 

(4) 

(3) 

31 

22 

41 

(6) 

(4) 

(8) 

21 

38 

31 

(5) 

(6) 

(7) 

18 

31 

25 

(3) 

(8) 

(4) 

14/8        UNM    31    22    41    39     74    62  131  142 

(7)  (10)    (9)  (14)  (15) 

36     71    89  112  127 

(8)  (13)  (16)  (15)  (12) 

29/8  18  25     19     61    58  159  171 

(6)    (9)    (8)  (17)  (16) 

MOW    41    53     72    54    81  121  163  131 

(9)   (10)   (12)   (14)  (16)  (19)  (21)  (20) 
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Table  4.   Suction  sampling  density  (mean  no.  per  0.1  square  meter)  of 
sap-feeding  insects,  Avg  ±  one  s.e.,  as  affected  by  water  and  mowing 
treatments,  1979.   See  text  for  treatment  specifications. 

MOISTURE  REGIME 


Sample 

Mowing 

DRT 

( 

:tl 

SET 

WET 

Date 

Treat 

1 

2 

1 

2 

1 

2 

1       2 

23/5 

UNM 

57 

90 

50 

36 

57 

83 

82     65 

(6) 

(11) 

(8) 

(12) 

(12) 

(7) 

(10)   (10) 

MOW 

50 

73 

85 

97 

37 

44 

68    59 

(5) 

(8) 

(8) 

(16) 

(5) 

(6) 

(7)   (11) 

18/6        UNM    125  101  137  100  74    87  89  61 

(20)  (12)  (28)  (21)  (13)  (14)  (14)  (12) 

MOW     155  163  191  165  117  135  95  56 

(27)  (20)  (23)  (24)  (18)  (14)  (21)  (7) 

4/7         UNM    413  405  393  234  607  470  495  440 

(108)  (55)  (45)  (19)  (56)  (52)  (58)  (77) 

MOW     125  141  134  96  128  114  213  250 

(20)  (28)  (29)  (19)  (33)  (46)  (46)  (55) 

19/7        UNM     27  34  27  45  98    98  135  143 

(7)  (7)  (8)  (11)  (16)  (13)  (25)  (14) 

MOW      4  7  8  15  33    36  53  66 

(3)  (3)  (5)  (5)  (12)  (10)  (6)  (21) 

31/7        UNM     78  54  42  41  52    65  135  121 

(18)  (11)  (8)  (7)  (9)  (16)  (32)  (18) 

MOW     21  21  22  31  50    41  149  169 

(7)  (5)  (7)  (9)  (15)  (10)  (29)  (23) 

13/8        UNM     47  29  28  36  47     70  150  167 

(9)  (11)  (10)  (8)  (11)  (17)  (35)  (41) 

MOW     15  41  27  21  65    48  140  122 

(8)  (10)  (8)  (6)  (16)  (16)  (29)  (25) 

27/8        UNM     53  40  22  24  51     72  113  124 

(14)  (11)  (4)  (9)  (6)  (16)  (17)  (15) 

MOW     20  42  38  41  37     20  150  133 

(5)  (12)  (8)  (13)  (7)    (6)  (33)  (23) 
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Table  5.   Suction  sampling  density  (mean  no.  per  0.1  square  meter)  of 
chewing  insects,  Avg  ±  one  s.e.,  as  affected  by  water  and  mowing  treatments, 
1979.   See  text  for  treatment  specifications. 

MOISTURE  REGIME 


S  amp 1 e 

Mowing 

DRT 

CTL 

SWT 

WET 

Date 

Treat 

1 

2 

1 

2 

1 

2 

1 

2 

23/5 

UNM 

1 

1 

1 

1 

MOW 

1 

1 

1 

2 

2 

18/6 

UNM 

25 

11 

12 

11 

6 

9 

3 

5 

(8) 

(3) 

(5) 

(3) 

(2) 

(5) 

(2) 

(2) 

MOW 

34 

30 

32 

24 

19 

28 

4 

3 

(9) 

(7) 

(7) 

(5) 

(6) 

(8) 

(2) 

(3) 

4/7 

UNM 

41 

28 

51 

23 

39 

51 

75 

62 

(13) 

(7) 

(6) 

(3) 

(7) 

(12) 

(17) 

(12) 

MOW 

4 

11 

5 

11 

2 

8 

9 

23 

(1) 

(2) 

(1) 

(3) 

(1) 

(3) 

(2) 

(5) 

19/7 

UNM 

0 

0 

1 

0 

1 

0 

1 

1 

MOW 

1 

1 

1 

1 

0 

0 

2 

0 

31/7 

UNM 

0 

0 

1 

0 

1 

0 

0 

0 

MOW 

1 

0 

0 

0 

0 

0 

0 

0 

13/8 

UNM 

1 

0 

0 

1 

0 

1 

0 

0 

MOW 

0 

0 

0 

0 

0 

0 

0 

0 

27/8 

UNM 

0 

0 

0 

0 

0 

3 

2 

1 

MOW 

0 

0 

0 

5 

0 

0 

4 

0 
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Table  6.   Suction  sampling  density  (mean  no.  per  0.1  square  meter)  of 
predatory  arthropods,  Avg  ±  one  s.e.,  as  affected  by  water  and  mowing 
treatments.   See  text  for  treatment  specifications. 

MOISTURE  REGIME 


Sample 

Mowing 

DRT 

CTL 

SWT 

WET 

Date 

Treat 

1 

2 

1 

2 

1 

2 

1 

2 

23/5 

UNM 

30 

50 

24 

34 

50 

79 

72 

59 

(5) 

(6) 

(5) 

(7) 

(10) 

(6) 

(7) 

(7) 

MOW 

17 

24 

43 

51 

17 

27 

33 

36 

(4) 

(7) 

(10) 

(10) 

(5) 

(4) 

(2) 

(6) 

18/6 

UNM 

51 

41 

33 

56 

36 

87 

74 

95 

(12) 

(7) 

(7) 

(11) 

(6) 

(9) 

(10) 

(16) 

MOW 

41 

85 

58 

81 

97 

74 

42 

32 

(16) 

(14) 

(10) 

(10) 

(9)  i 

(10) 

(9) 

(7) 

4/7 

UNM 

143 

144 

146 

102 

189 

163 

193 

161 

(37) 

(18) 

(20) 

(19) 

(15) 

(14) 

(14) 

(30) 

MOW 

64 

57 

33 

42 

40 

51 

73 

80 

(ID 

(10) 

(9) 

(10) 

(9) 

(12) 

(17) 

(14) 

19/7 

UNM 

6 

10 

18 

12 

41 

50 

40 

72 

(4) 

(4) 

(6) 

(5) 

(9) 

(9) 

(6) 

(11) 

MOW 

0 

3 

8 

3 

10 

24 

31 

15 

(2) 

(2) 

(2) 

(5) 

(11) 

(6) 

(5) 

31/7 

UNM 

33 

19 

28 

20 

31 

39 

53 

72 

(9) 

(7) 

(6) 

(7) 

(10) 

(7) 

(13) 

(9) 

MOW 

9 

1 

0 

10 

14 

27 

66 

87 

(2) 

(1) 

(6) 

(6) 

(8) 

(14) 

(15) 

13/8 

23 

19 

6 

30 

25 

26 

68 

61 

(6) 

(9) 

(2) 

(8) 

(5) 

(8) 

(15) 

(19) 

MOW 

1 

20 

9 

19 

23 

31 

66 

46 

(1) 

(10) 

(4) 

(9) 

(6) 

(10) 

(18) 

(8) 
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Table  6  (Continued) 

27/8       UNM     10  9  16  16  34  44  36  53 

(4)  (4)  (4)  (8)  (9)  (9)  (6)  (4) 

MOW      5  12  5  16  18  3  68  62 

(3)  (5)  (2)  (10)  (6)  (2)  (16)  (11) 


237 


to 


CO 

\ 


o 

CM 


T 

o 


9|duies/s}3asui  Suipaaj-des 


,c 

00 

^ 

3 

^s 

o 

^ 

oo  u 

a  ^ 

•H      4-J 

</> 

d  mow 
okes 

o 

CO      4-1 
CO 
V4 

D 

4-1     0) 
CO     4-1 

M-l 
>■>    O 

r4=l 

QJ 
T3     4-> 

QJ    -H 

> 

o 

4-J      CO 

o   o 

w> 

n^S 

qj   a 

m 

•4-J      g 

m    o 

(A 

■c 

CO    o 
co    co 

>i 

cO 

CO 

o 

JS 

QJ     QJ 

D 

E 

co   a, 
6 

OJ     CO 
C    co 
o 

■■H 

rC 

W) 

cO 
IX  w 

0) 

£ 

L. 

CO       • 
4-1      CO 

o    d 

0) 

0)    o 

W 

co   »H 

C     4-1 

3 

•H     CO 
O 

o 

a 

tf) 

o 
2 

mples  of  sap-feeding 
or  treatment  specifi 
ates  are  combined. 

<jh 

et  sa 
ext  f 
splic 

O 

i        w 

CU    QJ 

QJ      QJ        . 

QJ    CO     C 

a 

Figure  1 .   Sw 
treatments . 
the  vegetatio 

238 


O) 


0) 

o 
E 


o 
2 


CO 


o 

D 


(0 


CD 

IT) 


o 


IT) 


0 


O 
D 

o 
a 


9|duies/S}3asu;  9uiM9i|3 


B     W 

4->    co 
co   4-i 

cu    cu 

M     bO 

4-)      CU 

> 

bO 
d     0) 

•h  .d 

&     4-1 

o 

B       rC 

&0 

C  O 

03  U 
X. 

U  4-> 
CU 

4-1  CO 

d  CU 

5  A! 

o 

>,    S-i 

-Q     4-) 

CO 

CU     d 

4-1  0) 

O  4-) 
01 

M-4  <4H 

"■H  O 


CO 


CU 


E 

CO 

.     ex 

■■■ 

cu    B 

M 

•  o 
co    a 

0) 

CU    cO 

d 

^ 

O     CO 

•H 

+  1 

0) 

CD 

1. 

^    & 

3 

co    co 

4-1  CO 
CJ 

tf) 

cu  ,d 

CO      CJ 

BK9 

a  co 

e 

•H    W 

2 

00 

d     • 

•H     CO 

cu 


CJ     4-1 

cO 

M-4      CJ 
O    -H 

m 

CO    -H 

cu    a 
in    cu 

Da      D. 

6    co 

cO 

CO     4-1 


d 

4-1     CU 

cu  e  -9 

d  w    ■ 

i  co 

a,  cu 

cu  M 

0)     4-1 

S-l 

o 


LO 


CM 


CO 
CU 
4-1  4-1 
X      CO 


0)     0) 

U     4-1  -H 

3  H 

&0    CU  D 

•H     CU  OJ 

h  co  eJ 


239 


in 


e 

E 

e 


0) 

o 
2 


□ 


O  10 

9|  duies/sjo^epajj 


o 

D 

o 
o 


O 

o 


0) 

(0 

■o 
>» 

E 

"Si 

o 

3 

(A 

■■■ 

O 


o 

D 


a 

00  O 
C  M 
•H  £ 
S      4-1 

o 

£     CO 
CU 

-a  ^ 
C    o 


cO 


U  CO 
CU 

■u  G 

co  cu 

>~.  u-t 

rQ  O 

xi  ai 

CU  4-) 

4-1  -H 

CJ  CO 

CU  o 

m-j  a. 

U-4  g 

co  o 
u 

CO 

CO  CO 

•->  CO 


(X 

e 

cO 
CO 


+l-g 

I  X  cO 

v_/  ft] 

co 

-d  • 

O  CO 

ex  c 

o  o 


•H 
4-1 

CO 

o 


!-i     O  -d 

0  CU  CU 
4-J  (X  fi 
cO     CO  -H 

Xl  ^ 

01  4-1  g 

S-i     G  O 

a  cj  o 
E 

U-l     4-1  CU 

O    CO  u 

CU  cO 
CO      !-l 

CU     i-i  CO 

in  cu 

a  m  4-i 

£    o  co 

co  M-i  a 

CO  -H 

4->  r-l 

4-i    x  a 

cu    cu  cu 

C      4J0S 

I 

ex  cu 

cu    cu  • 

CU    W  C 

S  o 

CO  >H 

•  4-1 

co  cO 

•     4J  4-1 

d  cu 

CU  00 

£  CU 

4-1  > 

cO 

00   cu  cu 

•rl     U  43 

fn     4-1  4-1 


on 
cu 

3 


240 


A  season-end  phenomenon  on  all  water  treatments  in  1978  and  on  the  WET 
plots  in  1979  was  the  sap-feeding  insect  (SFI)  density  increase  under  mowed 
conditions  above  unmowed  levels  (p  less  than  0.05).   These  increases  were 
probably  due  to  the  insects  responding  favorably  to  the  emergence  of  higher 
quality  food  sources,  tillers  (TIL),  following  mowing.   Their  correlation  with 
biomass  (BMS)  was  poor  in  1978  and  much  higher  in  1979.   In  the  last  samples  of 
each  year  the  following  linear  correlation  coefficients  (r)  were  obtained: 

Year  SFI -TIL        SFI -BMS 


1978  .74(slope=.78)  . 06 (slope=. 13) 

1979  .56(slope=.39)  . 64 (slope=. 51) 

An  important  relationship  of  sap- feeding  insects  to  their  environment 
can  be  established  in  their  response  to  nitrogen  (N)  concentration  of  the 
forage.   In  1978  when  prolific  growth  occurred  early  in  the  season  a 
considerable  amount  of  dried-up,  brown  plant  tissue  of  low  quality  was  present 
on  the  unmowed  areas;  plant  (N)  concentration  was  significantly  higher  on  the 
mowed  areas  as  was  sap-feeding  insect  density  (p  less  than  0.01).   Insect 
density  was  related  to  N  concentration  in  western  wheatgrass ,  for  instance,  as 
shown  by  r=.71  in  the  final  insect  samples  of  1978. 

The  established  plots  were  used  again  in  1979  following  treatment  and 
study  in  1978.   A  possible  treatment  influence  from  the  first  year  that  carried 
into  the  second  was  the  sap-feeding  insect  density  decline  on  water  treated 
plots  early  in  1979  (June  18,  p  less  than  0.05)  and  a  negative  correlation  of 
density  with  soil  water  content  at  that  time  (r=-0.87),  the  only  suction  sample 
set  when  such  a  negative  correlation  appeared.   Possible  explanations  are 
these:   (1)  plants  irrigated  by  water  the  previous  year  are  better  able  to 
deter  pests;  (2)  the  early  stages  of  plant  drought  stress  create  nutritionally 
favorable  conditions  for  sap-feeders;  (3)  cooler  soil  conditions  under 
previously  wetter  plots  inhibit  insect  proliferation;  and  (4)  the  conditions 
from  previous  water  additions  favor  biotic  agents  capable  of  partially 
controlling  the  sap-feeders.   These  agents  include  predators,  diseases,  and 
parasites.   None  of  the  four  possibilities  can  be  rejected  now  although 
arthropod  predators  were  not  greater  in  the  wetter  treatments  on  the  June  18 
sample  date.   In  any  case  this  phenomenon,  if  it  occurred  following  successful 
weather  modification,  would  lower  insect  feeding  at  the  early  plant  growth 
stages  when  such  feeding  is  most  detrimental  to  plant  yield. 

The  other  groups  of  herbivorous  insects  sampled  by  suction  techniques, 
those  which  chew  the  foliage  to  eat,  show  few  responses  to  water  or  mowing 
treatments.   Two  factors  related  to  the  experimental  design  and  sampling 
technique  may  partially  explain  the  measured  lack  of  response.   First,  the 
plots  may  be  too  small  to  effectively  test  habitat  preferences  or  tolerances  of 
these  mobile  creatures,  particularly  when  they  are  winged  adults.   Second, 
their  density  is  so  low  that  suction  sampling  methods  catch  few.   Sweep- 
netting,  reported  below,  allows  sampling  over  a  larger  area  and,  thus,  is  a 
more  reasonable  measure  of  grasshopper  and  moth  density. 

Treatment  effects,  as  measured  by  the  chewing  insect  suction  samples, 
are  evident  in  depressed  density  immediately  following  mowing  in  1978  and  1979 
(p  less  than  0.01),  a  slight  increase  with  watering  in  late  season  1978 
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collections  (p  less  than  0.05),  and  a  decline  with  increasing  soil  water  early 
in  1979  (June  18,  p  less  than  0.01).   The  seasonal  decline  in  available  soil 
water  coupled  with  maturation  of  the  young  chewing  insects  to  more  mobile 
stages  and  persistent  mortality  of  spring-hatched  nymphs  causes  chewing  insect 
densities  to  approach  zero  in  mid  season,  and  remain  low.   As  will  be  discussed 
later,  Lepidopteran  larve  (immature  butterflies  and  moths)  are  the  principal 
chewing  group  which  is  positively  affected  by  water  status.   Unlike  the  more 
dry  condition  tolerant  grasshoppers,  these  insects  need  high  water  content  in 
their  food  to  grow  and  survive. 

Many  of  the  responses  of  predatory  arthropods  parallel  those  of  the 
sap-feeding  insects.   This  is  probably  because  those  herbivores  are  the  most 
abundant  potential  prey  and  their  presence  is  a  necessary  precursor  to  that  of 
the  predators.   Not  surprisingly,  predator  density  is  more  highly  correlated 
with  sap-feeding  insect  density  than  any  other  measured  factor,  although 
correlation  with  soil  water  is  high.   Correlation  coefficients  ranged  from  .91 
to  .99  after  mid  July  in  each  year,  earlier  than  that  the  correlations  were 
weak  or  even  negative  suggesting  that  the  herbivores  are  relatively  more 
capable  of  locating  on  food  resource  patches  early  in  the  year  than  are  the 
predators.   An  alternative  possibility  is  that  there  is  a  greater  lag  in 
development  of  the  predator  group  than  the  sap- feeding  herbivore  group  as 
summer  begins.   Consistent  with  this  latter  view  are  observations  that  insect 
herbivores  seem  to  do  the  greatest  damage  to  plants  when  unusual  weather 
conditions  facilitate  their  development  earlier  than  normal. 

Predator  numbers  are  generally  about  one-half  to  one-third  that  of  the 
prey,  thus  the  prey:   predator  ratio  generally  varies  from  2  to  3  (Table  7). 
Much  higher  ratios,  indicating  a  relative  prey  (herbivore)  advantage,  were 
found  at  the  times  of  greatest  water  stress  on  the  experimental  plots  with 
ratios  declining  in  wetter  treatments.   Highest  ratios  recorded  by  treatment 
were  as  follows:   15.0  less  than  DRT  greater  than  7.6  (CTL)  greater  than  6.7 
(SWT)  greater  than  4.4  (WET).   Each  of  those  high  readings  occurred  on  mowed 
areas . 

A  tentative  conclusion  that  may  be  drawn,  although  the  data  are 
erratic,  is  that  stress  on  the  ecosystem  is  relatively  more  severe  on  higher 
trophic  level  organisms.   This  is  consistent  with  measured  responses  to 
insecticides,  toxic  chemicals,  and  radiation  in  other  systems  in  which 
predators,  those  animals  involved  in  regulating  the  numbers  of  pest  herbivores, 
are  affected  most  severely.   Thus,  pest  outbreaks  are  more  likely  in  acutely 
stressed  (e.g.,  drought-stricken)  ecosystems  (Barrett  1968).   In  this  case 
grazing  or  mowing  may  exacerbate  the  effects  of  water  deficit  possibly  through 
removel  of  sheltering  vegetation  from  the  predators. 
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Table  7.  Prey:  predator  ratio  (sap-feeding  insects:  predatory 
arthropods)  from  suction  samples  as  influenced  by  water  and  mowing 
treatments,  1979.   See  text  for  treatment  specifications. 

MOISTURE  REGIME 


Sample 
Date 

Mowing 
Treat 

DRT 

1 

2 

CTL 
1      2 

SWT 
1      2 

WET 
1      2 

23/5 

UNM 

1.9 

1.8 

2.1 

1.1 

1.1 

1.1 

1.1 

1.1 

MOW 

2.9 

3.0 

2.0 

1.9 

2.2 

1.6 

2.1 

1.6 

18/6 

UNM 

2.5 

2.5 

4.2 

1.8 

2.1 

1.0 

1.2 

0.6 

MOW 

3.8 

1.9 

3.3 

2.0 

1.2 

1.8 

2.3 

1.8 

4/7 

UNM 

2.9 

2.8 

2.7 

2.3 

3.2 

2.9 

2.6 

2.7 

MOW 

2.0 

2.5 

4.1 

2.3 

3.2 

2.2 

2.9 

3.1 

19/7 

UNM 

4.5 

3.4 

1.5 

3.8 

2.4 

2.0 

3.4 

2.0 

MOW 

2.3 

1.0 

5.0 

3.3 

1.5 

1.7 

4.4 

21/7 

UNM 

2.4 

2.8 

1.5 

2.1 

1.7 

1.7 

2.5 

1.7 

MOW 

2.3 

21.0 

3.1 

3.6 

1.5 

2.3 

1.9 

13/8 

UNM 

2.0 

1.5 

4.7 

1.2 

1.9 

2.7 

2.2 

2.7 

MOW 

15.0 

2.1 

3.0 

1.1 

2.8 

1.5 

2.1 

2.7 

27/8 

UNM 

5.3 

4.4 

1.4 

1.5 

1.5 

1.6 

3.1 

2.3 

MOW 

4.0 

3.5 

7.6 

2.6 

2.1 

6.7 

2.2 

2.1 
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PROLINE  AND  VALINE --CUES  WHICH  STIMULATE 
GRASSHOPPER  HERB IVORY  DURING  DROUGHT  STRESS? 

By 

B.  Haglund 

(Reprinted  from  Nature,  1980.  288:697-698) 

Abstract 

Insect  herbivores,  including  members  of  Orthoptera  and  Lepidoptera,  benefit 
from  increased  nitrogen  in  their  food,  particularly  if  it  is  in  the  form  of 
easily  digested  amino  acids  (White  1976,  Slansky  and  Feeny  1977).   I  present 
experimental  evidence  that  grasshoppers  detect  and  preferentially  feed  on 
grasses  treated  with  amino  acids  that  commonly  increase  in  plants  under  drought 
stress  (Hsiao  1973)  .   This  capability  may  lead  to  insect  concentrations  on 
drought  stressed  and  nitrogen  enriched  plants  and  thus,  exacerbate  acridid 
population  outbreaks  through  enhanced  growth  and  survival. 

Introduction 

Ecological  studies  of  grasshoppers  and  locusts  have  often  considered 
weather  factors  to  be  important  determinants  of  population  size  or  growth  rate 
(Andrewartha  and  Birch  1954;  Betts  1961;  Dempster  1963;  Edwards  1960;  Rodell 
1977;  Uvarov  1931).   Dry  soil  conditions  in  particular  seem  to  favour 
population  increases  of  many  economically  important  Orthopteran  species  (Gage 
and  Muker j i  1977).   White  (1976)  hypothesized  that  grasshopper  growth  rates, 
and  thereby  survival,  increase  sharply  under  drier  conditions  when  perennial 
grasses  exhibit  elevated  nitrogen  (N)  levels  in  aboveground  parts.   Insect 
herbivores  are  generally  likely  to  benefit  from  increased  dietary  N  (Slansky 
and  Feeny  1977) . 

Such  elevated  nitrogen  levels  may  be  the  result  of  increased  concentrations 
of  proline  (Hsiao  1973) .   Proline,  a  highly  soluble  amino  acid,  which  does  not 
hamper  the  activities  of  many  photosynthetic  enzymes,  is  capable  of  providing 
osmotic  adjustment  under  conditions  of  drought  (Cavalieri  and  Huang  1979, 
Hanson  and  Tully  1979,  Singh  et  al .  1972,  Barnett  and  Naylor  1966,  Mizusaki  et 
al .  1964,  Stewart  and  Lee  1974).   Glycine  and  valine  may  function  similarly 
(Naylor  1972) .   Leaf  laminae  accumulate  the  largest  quantities  of  the  newly 
synthesized  proline  although  it  is  found  in  most  other  aboveground  parts,  too 
(Singh  et  al.  1973b).   Genetic  varieties  of  plants  which  accumulate  larger 
concentrations  of  free  proline  tend  to  survive  water  stress  better  and  grow 
faster  after  stress  is  relieved  (Singh  et  al.  1973  c) . 

Mobile  herbivores  which  can  detect  and  concentrate  their  feeding  on  N 
enriched  plants  will  be  favoured  relative  to  conspecifics  lacking  this  ability. 
These  capabilities  will  be  of  particular  importance  in  environments  with  food 
patches  of  varying  N  quality.   The  northern  Great  Plains  of  North  America  are  a 
case  in  point  where  soil  moisture  is  usually  limiting  to  plant  growth  in 
summer.   Here  forage  quality  --  normally  influenced  by  rainfall  --  is  patchy 
because  thundershowers  are  local  and  infrequent. 
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Methods 

I  conducted  a  field  experiment  in  a  native  Montana  grassland  to  test  the 
hypothesis  that  chewing  insects  can  detect  plants  with  elevated  amino  acid 
nitrogen  levels  within  the  range  of  levels  that  occur  naturally.   A  completely 
randomized  two  factor  design  was  replicated  three  times.   Treatment  units  were 
two  m  square  plots  separated  by  four  m  buffers.   Treatment  levels  by  factor 
were:   Factor  A  (irrigation)  none  and  25  mm  soil  surface  irrigation  and  Factor 
B  (foliar  sprays)  none,  1.6  1  distilled  water,  PRO  +  VAL  in  equal  amounts, 
mixed  amino  acids  in  equal  amounts  (ALA,  ARG,  GLY,  HIS,  LYS,  MET,  PHE),  GLY, 
and  gelatin.   Each  of  the  last  four  treatment  levels  was  dissolved  in  1.6  1 
distilled  water  with  a  concentration  of  dissolved  amino  acids  or  protein  equal 
to  0.7534  g  N    (except  GLY  which  was  at  7.534  g  N) .   The  treatment  level  was 
chosen  to  fall  within  the  range  of  plant  water  stress  responses  and  raise  the 
estimated  N  standing  crop  by  10%,  based  on  84  g/sq  m  standing  crop  plant 
biomass  at  an  estimated  2%  total  N. 

The  irrigation  treatments  were  watered  on  9  July  1979  between  0700-1000  hr; 
foliar  spraying  was  done  by  hand  sprayer  on  10  July  1979  from  1230-1700  hr. 
Excepting  the  GLY  treatment  which  was  lOx  more  concentrated  the  maximum 
possible  individual  amino  acid  concentration  was  0.93%  of  plant  dry  matter 
compared  to  measured  proline  levels  of  1%  or  greater  for  barley  (Singh  et  al. 
1972),  clover  (Routley  1966),  Bermuda  grass  (Barnett  and  Nay lor  1966),  tobacco 
(Mizusaki  et  al.  1964)  and  several  halophyte  species  (Cavalieri  and  Huang  1979, 
Stewart  and  Lee  1974)  under  water  stress.   Proline  can  accumulate  to  as  much  as 
10-20%  of  shoot  dry  weight  in  Triglochin  maritima  (Stewart  and  Lee  1974) .   I 
estimated  that  less  than  one-fourth  of  the  spray  from  any  of  the  treatments 
contacted  the  leaves  due  to  low  plant  density  at  the  site. 

The  dependent  variable  was  percentage  of  leaves  chewed  on  stems  of 
Agropyron  smithii  with  four  intact  leaves,  a  C-3  grass,  and  Bouteloua  gracilis 
with  five  intact  leaves,  a  C-4  grass,  stratified  by  leaf  position  enumerated 
from  youngest  to  oldest.   Virtually  complete  collections  of  stems  of  these  two 
species  were  gathered  by  hand  on  6  September  1979.   The  total  number  of  stems 
sampled  for  each  of  the  foliar  spray  treatments  is  stated  in  Figure  1.   Only 
chews  on  leaves  were  tallied;  broken  leaf  tips  were  not  recorded. 

Results  and  Discussion 

Chewing  was  affected  by  two  amino  acid  treatments  but  was  unaffected  by 
irrigation  or  the  remaining  amino  acid  sprays  (chi  square  test,  p  less  than 
0.001).   Since  irrigation  treatments  showed  no  influence  on  chewing  (p  greater 
than  0.3)  data  were  pooled  across  water  levels  in  the  subsequent  analysis. 
Paired  t-test  analysis  of  percentage  of  leaves  chewed  by  leaf  position 
indicated  significant  differences  (p  less  than  0.01)  on  the  second  and  third 
leaves  of  A^  smithii  and  on  third,  fourth,  and  fifth  leaves  of  B^  gracilis  with 
PRO  +  VAL.   Under  the  gelatin  treatment  only  the  second  leaf  of  A_;_  smithii  and 
the  third  and  fourth  leaves  of  B^  gracilis  showed  greater  numbers  of  chews .   At 
the  time  of  spraying  the  first  leaf  of  both  species  had  not  emerged;  the  fourth 
leaf  of  A^  smithii  was  already  brown  and  probably  dead  then. 

Grasshoppers  were  not  responding  to  an  improvement  in  plant  condition  due 
to  N  enrichment.   Forty  randomly  selected  plants  from  each  foliar  treatment 
were  measured  for  stem  length,  leaf  length  (numbers  two  and  three),  and 
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Figure  1 .   Percentage  of  leaves  chewed  by  grasshoppers  in  response  to  amino 
acid  foliar  spray  treatments  on  two  grass  species;  Agropyron  smithii  (A)  and 
Bouteloua  gracilis  (B) .   Each  bar  represents  the  percentage  of  leaves  at 
each  position  that  were  chewed.   Leaf  position  is  assigned  from  the  top  to 
the  bottom  of  the  stem.   Sample  size  (n)  is  the  total  number  of  stems 
assayed  within  each  treatment. 
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greenness  (completely  brown  or  some  green  remaining) .   By  ANOVA  no  difference 
could  be  detected  of  these  measures  among  the  treatments  (p  greater  than  0.2). 

I  deduce  that  grasshoppers  (over  85%  of  the  chewing  insects  on  the  plots  in 
July  and  August  and  dominated  by  Opeia  obscura,  Trachyrachis  kiowa,  and 
Melanoplus  sanguinipes)  can  detect  either  proline  or  valine  on  plant  tissue. 
They  selected  grass  treated  with  proline  and  valine  as  well  as  grass  treated 
with  gelatin  containing  15%  proline  and  3%  valine  residues.   Though  glycine  is 
an  important  component  (45%)  of  gelatin,  glycine  alone  had  no  effect  on  insect 
chewing.   The  possibility  of  grasshopper  chemodetection  capability  is  supported 
by  Schoonhoven' s  (1969)  documentation  of  the  presence  of  amino  acid  receptors 
in  other  chewing  insects,  the  Lepidoptera.   Aphids  are  also  known  to  detect 
amino  acids  (van  Emden  1972).   Furthermore,  proline  is  reported  to  be  a  feeding 
attractant  to  the  snail  (Biomphalaria  glabrata)  (Uhazy  et  al.  1978). 

Proline  is  used  in  various  ways  by  animals  including  intermediate  energy 
metabolism,  enzyme  synthesis,  and  in  large  portions  for  connective  tissue.   It 
also  can  be  used  for  osmoregulation.   Insects  capable  of  finding  and  consuming 
it  in  above  average  quantities  will  likely  grow  faster.   I  expect  that  proline 
accumulations  will  affect  chewing  insects  much  less  in  wet  years  or  under 
conditions  of  augmented  soil  moisture  through  weather  modification  or 
irrigation. 

Management  implications  of  this  plant-herbivore  interaction  include  the 
possibility  of  lowered  insect  herbivory  to  the  extent  that  weather  modification 
or  irrigation  could  relieve  plant  drought  stress.   Plants  intimately  coevolved 
with  their  insect  herbivores  may  find  partial  relief  from  drought  stress  by  the 
chewing  since  herbivory  reduces  leaf  area  allowing  water  to  be  more 
concentrated  in  that  leaf  tissue  remaining  (McNaughton  1979,  Wisiol  1979). 
Crop  plants  genetically  engineered  for  greater  proline  production  in  the  hopes 
of  raising  their  drought  tolerance  and  thereby  increasing  their  yield  may  be  at 
increased  risk  to  insect  pests  (Marx  1979). 
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EVAPOTRANSPIRATION  FROM  SMALL  IRRIGATED  PLOTS 

By 

T.  Weaver  and  S.  McClelland 

Abstract 

Measurements  of  evapotranspiration  rates  with  lysimeters  placed  in  small 
plots  in  an  Agropyron  smithii  grassland  revealed  that:   (1)  evapotranspiration 
rates  on  irrigated  19  x  19  m  research  plots  were  similar  to  those  on  larger 
land  areas  which  received  natural  rainshowers  but  were  smaller  than  those  which 
occurred  on  smaller  (1.5  x  1.5m)  and  (0.3  x  0.3)  plots;  and  (2)  while  the  rate 
of  water  exhaustion  from  deeper  soil  layers  was  increased  by  the  presence  of 
vegetation,  the  rate  of  exhaustion  after  small  showers  was  either  unaffected  or 
actually  slowed  by  the  presence  of  vegetation. 

Introduction 

Evapotranspiration  from  small  plots  receiving  irrigation  water  is  more 
rapid  than  from  larger  plots  because  air  surrounding  the  small  plot  is  neither 
cooled  nor  moistened  by  the  passage  of  air  from  moist  areas  upwind  of  the  plot. 
This  phenonenon  is  called  the  oasis  or  clothesline  effect  (Chang  1968).   The 
oasis  effect  is  important  in  the  evaluation  of  irrigation  studies  and 
especially  in  the  interpretation  of  experiments  in  which  irrigation  is  intended 
to  simulate  rainfall  augmentation.   If  irrigated  plots  dry  sooner  than  they 
would  after  natural  rain  showers  of  the  same  size,  predicted  responses  from 
precipitation  augmentation,  whether  positive  or  negative,  will  be 
underestimated  (Heimbach  and  Super  1980;  Weaver  and  Collins  1978;  Weaver  et  al. 
1981) .   To  determine  whether  water  evaporates  more  rapidly  from  our 
experimental  plots  (19  m  diameter)  or  from  natural  showers  (ca  5-15  km 
diameter)  a  comparison  was  made  of  the  time  required  for  water  from  a  wetting 
event  (irrigation  or  rainfall)  of  a  given  size  to  evaporate  from  very  small 
(0.3  m) ,  small  (1.5  m) ,  large  (19  m)  or  very  large  (ca.  5  to  15  km)  plots  under 
summer  conditions  on  the  northern  High  Plains. 

Methods 

The  study  was  conducted  in  an  Agropyron  smithii  grassland  located  on  the 
USDA  Livestock  and  Range  Research  Station,  Miles  City,  Montana.   Normal  (30- 
year  average)  precipitation  at  the  site  was  355  mm  (14  in)  per  year  with  an 
average  of  14  mm  monthly  in  October  through  March  and  33  mm  in  April  through 
September  except  in  May  (53  mm)  and  June  (82  mm) .   Temperatures  averaged  23  C 
(74F)  in  July  and  -9C  (15F)  in  January.   More  detailed  weather  statistics 
appear  in  Weaver  (1980)  and  USDC  (1976-1979).   USDA  Soil  Conservation  Service 
personnel  (M.  Nichols,  Miles  City,  Montana),  described  the  soil  of  the  site  as 
being  a  well-drained,  fine,  montmorillonitic  Borollic  Camborthid  with  plentiful 
free  lime  at  20  cm  and  roots  to  1.5  m.   It  has  been  identified  as  a  Kobar  silty 
clay  loam  which  developed  on  alluvium  lying  in  simple  relief  with  a  two  percent 
north  slope. 

Lysimeters  were  used  to  record  evaporation  rates  on  nine  plots  after  all 
natural  rain  showers  and  simulated  rainshowers  (irrigations)  during  the  summers 
of  1979  and  1980.   The  plot  sizes  were  0.3  x  0.3  m  (4  plots),  1.5  x  1.5  m  (1 
plot),  and  19  x  19  m  (4  plots).   Each  lysimeter  consisted  of  a  30  (dia.)  x  60 
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(length)  cm  PVC  pipe  which  was  fitted  over  undisturbed  soil  blocks.   Once  the 
pipe  was  fitted,  the  blocks  were  cut  loose,  a  wooden  bottom  was  bolted  on,  and 
small  peripheral  cracks  were  filled  with  dust  (Hinds  1973).   The  lysimeters 
were  housed  in  holes  lined  with  36  x  60  cm  PVC  pipe.   Circulation  of  air  in  the 
intervening  space  was  minimized  with  bars  of  tape-covered  sponge  that  were 
fitted  between  the  lysimeter  and  the  housing.   Lysimeters  were  weighed  to  the 
nearest  50  gm  or  to  a  precision  of  about  0.11  percent.   To  minimize  trampling 
in  the  study  plots,  lysimeters  were  hoisted  from  their  casings  by  a  pulley 
running  on  an  overhead  cable,  and  pulled  along  the  cable  to  a  location  outside 
of  the  study  plot  where  they  were  weighed. 

Irrigation  water  was  applied  to  small  plots  with  a  garden  watering  can  and 
to  larger  plots  with  four  Rainjet  sprinklers  that  dispersed  1.8  mm-diameter 
drops  in  a  relatively  uniform  manner  (Christensen  coefficient  of  uniformity  = 
66  percent,  Weaver  et  al.  1981).   As  a  means  of  eliminating  any  variance  in 
water  application  to  the  lysimeters  during  irrigations,  appropriate  amounts  of 
water,  measured  with  a  graduated  cylinder,  were  sprinkled  directly  on  the 
lysimeter  before  irrigation.   During  irrigation  of  the  plot  the  lysimeters  were 
then  covered  and  the  small  excesses  of  water  shed  from  the  lysimeter  surfaces 
were  deposited  0.6  m  below  the  ground  surface  in  lysimeter  wells. 

Water  additions  were  measured  with  wedge  gages;  the  timing  of  these 
additions  was  determined  with  a  continuously-recording  Belfort  raingage. 
Quantities  and  timing  of  irrigations  were  therefore  measured  unambiguously. 
Slight  ambiguities  arose  in  defining  the  natural  rainfall  periods  because,  in 
33  percent  of  the  cases  studied,  the  periods  were  interrupted.   Consequently, 
when  a  rainfall  period  was  interrupted,  all  the  rain  falling  in  that  period  was 
assumed  to  have  fallen  in  the  last  hour  of  the  predominant  shower.   The 
predominant  shower  always  included  at  least  73  percent  of  the  rain  falling  in 
the  period. 

To  determine  water- loss  rates  lysimeters  in  each  plot  were  usually  weighed 
on  alternate  mornings,  as  well  as  on  the  morning  following  any  wetting  event 
(Figure  1).   Three  0.3  x  0.3  m  plots,  one  1.5  x  1.5  m  plot,  and  two  15  x  15  m 
plots  contained  one,  four,  and  ten  lysimeters  each,  for  a  total  of  twenty-seven 
lysimeters.   In  the  large  plots,  vegetation  growing  in  half  (five)  of  the 
lysimeters  was  clipped  to  allow  a  comparison  of  water  losses  due  to 
evapotranspiration  and  evaporation.   On  the  largest  plots,  vegetated  and  bare 
lysimeters  were  alternated  along  two  lines  that  were  located  4.6  m  from  the 
edge  of  the  irrigated  areas . 

Rates  of  evapotranspiration  were  read  from  graphs  made  for  each  lysimeter. 
All  data  for  each  lysimeter  were  plotted.   Water  additions  due  to  natural 
precipitation  and  those  due  to  irrigation  were  entered  separately.   The  time 
required  for  a  lysimeter  to  reach  its  pre-wetting  weight  was  recorded  as  the 
time  required  to  evapotranspire  the  water  delivered.   The  quantity  of  water 
lost  during  the  first  twenty-four  hours  following  each  water  addition  was 
recorded  in  order  to  calculate  the  first-day  evapotranspiration  rate. 
Calculation  of  a  rate  during  the  second  day  was  rarely  possible,  and  therefore 
neither  first-  nor  second-day  evapotranspiration  rates  are  reported.   Rates 
associated  with  a  given  wetting  event  were  averaged.   That  is,  after  a  natural 
rain,  rates  from  all  lysimeters  were  averaged;  after  irrigation  it  was  possible 
to  average  the  rates  of  the  irrigated  lysimeters  only. 
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Figure  1.   Change  in  soil  water  on  clipped  lysimeters  (E  =  evaporation)  and 
vegetated  lysimeters  (ET  =  evapotranspiration) ,  summer  1980.   Graphs  summarize 
data  for  north  (N)  and  south  (S)  plots. 
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Results 

Lysimeter  weights  were  initially  low  due  to  drought  conditions.   June  rains 
increased  the  weights.   During  July  and  early  August,  the  lysimeters  lost 
weight  at  a  fairly  even  rate,  and  therefore  most  irrigations  were  applied 
during  this  period.   Rainfall  in  mid-  and  late-August  increased  the  lysimeter 
weights  to  almost  late-June  levels.   (Figure  1). 

During  the  July  and  August  droughts,  water  was  lost  from  vegetated 
lysimeters  more  rapidly  than  from  non-vegetated  lysimeters  (figure  1). 
Presumably  this  occurred  because  the  leaves  of  plants  on  the  vegetated 
lysimeters  supplied  additional  evaporative  surface  and,  additionally,  the  roots 
drew  water  from  soil  layers  which  were  not  otherwise  susceptible  to 
evapo transpiration. 

It  was  not  possible,  however,  to  demonstrate  a  difference  in  rates  of  water 
loss  between  vegetated  and  non  vegetated  (clipped)  plots  after  small  showers 
(Table  1).   One  might  argue  that,  while  the  methods  used  allowed  cumulative 
differences  to  be  measured,  they  were  not  sufficiently  sensitive  to  permit 
measurement  of  differences  due  to  a  single  shower.   On  the  other  hand,  there 
may  have  been  little  real  difference  in  evapotranspiration  rates  if  the 
transpiration  component  was  small;  this  is  likely  since  the  leaf  surface  on  the 
vegetated  lysimeters  was  small  and  roots  were  few  in  the  surface  soil  layers 
which  were  moistened  by  light  rains.   It  is  also  possible  that  water  applied  to 
the  sparsely  vegetated  lysimeters  may  have  actually  evaporated  more  slowly  if 
it  was  intercepted  by  leaves  and  delivered  to  plant  bases  where  it  was 
concentrated,  and  subsequently  penetrated  the  soil;  the  relatively  deep  soil 
layers  to  which  this  water  presumably  penetrates  are  less  susceptible  to 
evaporation  than  the  surface  layers   of  the  clipped  lysimeters  in  which  water 
would  be  deposited.   Because  their  responses  could  not  be  distinquished,  it 
seemed  reasonable  to  pool  data  from  the  vegetated  and  non-vegetated  lysimeters. 

Although  water  was  exhausted  more  slowly  after  large  showers,  most 
additions  were  evapotranspired  within  1  to  3  days  (Table  1).   This  suggests 
that,  for  maximum  plant  benefit,  supplemental  water  should  be  applied  in  large 
showers  or  in  a  series  of  closely  spaced,  small  showers  so  it  can  percolate 
down  to  soil  horizons  which  are  not  susceptible  to  strong  evaporation. 

The  data  in  Table  2  demonstrates  that  water  applied  to  larger  plots  (19  m) 
is  exhausted  less  rapidly  than  from  smaller  (0.3  or  1.5  m)  plots.   This  is 
expected  because  evaporation  rates  should  be  greater  in  small  plots  (i.e., 
oasis  effect,  Chang  1968). 

Surprisingly,  the  data  suggest  that  water  was  exhausted  as  rapidly,  or 
possibly  more  rapidly,  after  natural  rainshowers  (very  large  plots)  than  after 
irrigations  (small  plots)  of  similar  magnitude.   On  the  average,  water  was 
exhausted  more  rapidly  from  two  3  mm  rainshowers  than  from  four  2  mm 
irrigations;  from  two  6  mm  rainshowers  more  rapidly  than  from  three  6  mm 
irrigations;  and  from  two  12  mm  rainshowers  more  rapidly  than  from  one  12  mm 
irrigation  (Table  2,  groups  B,  C,  and  F) .   These  observations  require 
explanation  since,  under  similar  conditions,  advective  (i.e.  oasis)  effects  are 
known  to  be  greater  on  small  plots.   Two  explanations  seem  possible. 
Conditions  (vapor  pressure,  radiation,  and  wind)  after  natural  rainshowers  may 
have  been  more  evaporative  than  those  after  irrigations;  while  this  possibility 
seems  unlikely  we  may  be  able  to  test  it  by  estimating  evapotranspiration  rates 
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Table  1.   Days  required  to  lose  water  added  either  by  irrigation  or  natural 
rains  from  vegetated  and  non  vegetated  lysimeter  plots,  1980. 

Amount 2 
Dates  of  of  Days  Required  to  Lose  Water 

Rainfall  or         Water  Vegetated  Plots   Clipped  Plots      Average 

Irrigation    Plot   Added  Avg    SE   N     Avg    SE    N  Avg  SE    N 

Rains 


June 

11 

A 

5.9 

0.58 

0.15 

9 

0.72 

0.22 

6 

0.65 

0.12 

15 

12 

A 

12.7 

0.70 

0.10 

6 

0.70 

0.12 

6 

0.70 

0.007 

12 

15 

A 

17.3 

0.50 

0.12 

3 

0.30 

0 

1 

0.40 

0.09 

4 

18 

A 

6.6 

1.83 

0.09 

7 

1.77 

0.37 

3 

1.80 

0.11 

6 

21 

A 

8.4 

1.84 

0.21 

14 

1.87 

0.30 

10 

1.85 

0.02 

24 

27 

A 

1.0 

0.54 

0.06 

12 

0.84 

0.08 

7 

0.69 

0.05 

19 

July 

13 

A 

2.8 

0.86 

0.14 

8 

0.70 

0.10 

3 

0.78 

0.10 

11 

17 

A 

3.0 

0.78 

0.10 

7 

1.09 

0.33 

7 

0.94 

0.17 

14 

19 

A 

4.1 

1.32 

0.  14 

14 

1.37 

0.14 

9 

1.34 

0.12 

23 

26 

A 

13. 

1.13 

0.27 

9 

1.25 

0.25 

2 

1.19 

0.23 

11 

29 

A 

11.5 

1.73 

0.19 

3 

1.90 

0.40 

2 

1.82 

0.16 

5 

31 

A 

4.3 

1.75 

0.10 

6 

1.06 

0.14 

5 

1.91 

0.08 

11 

Irri; 

nations 

July 

9 

N 

2 

1.00 

0.00 

4 

1.38 

0.24 

4 

1.19 

0.13 

8 

21 

N 

2 

0.71 

0.07 

5 

0.86 

0.18 

5 

0.79 

0.09 

10 

21 

S 

6 

2.80 

0.61 

5 

2.67 

0.88 

3 

2.75 

0.46 

8 

29 

s 

2 

1.17 

0.17 

3 

1.17 

0.25 

3 

1.17 

0.21 

6 

29 

N 

6 

2.32 

0.34 

5 

2.25 

0.32 

4 

2.29 

0.22 

9 

30 

S 

2 

0.98 

0.16 

4 

0.67 

0.15 

5 

0.91 

0.12 

9 

Aug. 

11 

s 

12 

2.00 

0.00 

1 

1.00 

0.00 

1 

1.50 

0.62 

2 

11 

N 

6 

1.25 

0.18 

4 

1.27 

0.15 

3 

1.26 

0.11 

7 

1.   (A)  all  lysimeters,  (N)  north  lysimeters,  and  (S)  south  lysimeters 
2-   Water  in  mm. 
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Table  2.   Effect  of  plot  size  on  time  (days)  required  to  lose  water  added  by 
wetting  events,  1980. 


Plot  Size 


Group  Event   Date   Plot    Natural  Rain  Irrigation 

Size 
(mm)    5.  to  15  km     19m 1.5m         0.3m 


A    1.0  27 JN  A    0.69  ±  0.05 

1.3  26AU  A     1.19  ±  0.23 

B    2.0     9JL  N  1.19  ±  0.13 

2.0  21JL  N  0.79  ±  0.09 

2.0  29JL  S  1.17  ±  0.21   1.00  ±  0.00   0.83  ±  0.17 

2.0  30JL  S  0.91  ±  0.12   0.83  ±  0.17   0.76  ±  0.15 

2.8  13JL  A    0.78  ±  0. 10 

3.0  17JL  A    0.94  ±  0.17 

C   4.1  19JL  A     1.32  ±  0.12 

4.3  31AU  A     1.91  ±  0.08 

D   5.9  11JN  A    0.65  ±  0.12 

6.0  21JL  S  2.75  ±  0.46   1.50  ±  0.29   1.17  ±  0.17 

6.0  29 JL  N  2.29  ±  0.22 

6.0  11AU  N  1.26  ±  0.11 

6.6  18JN  A     1.80  ±  0.11 

E    8.4  21JN  A     1.85  ±  0.02 

F    11.5  29AU  A     1.82  ±  0.16 

12.0  11AU  S  1.50  ±  0.62  1.00  ±  0.00 

12.7  12JN  A    0.70  ±  0.07 

G    17.3  15JN  A    0.40  ±  0.09 


1.   (A)  all  plots,  (N)  north  plot,  (S)  south  plot 
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after  all  events.   The  second  possibility  is  that  the  irrigation  water  applied 
was  somehow  less  subject  to  evapotranspiration  than  rainwater;  this  might  be 
conceivable,  for  example,  if  irrigation  water  penetrated  more  deeply  than  rain 
water.   Such  penetration  might  occur  if  irrigation  water  puddled  the  soil  less 
(due  to  relatively  small  drop  sizes  and  low  velocities)  or  if  more  of  the  water 
were  caught  by  vegetation  and  concentrated  for  deeper  penetration  at  plant 
bases  (Glover  et .  al.,  1962).   Either  explanation  supports  the  conclusion 
suggested  in  sentence  one. 

For  two  reasons  it  is  tentatively  concluded  that  water  applied  in  our  main 
irrigation  experiment  had  net  effects  that  were  like  those  of  natural  showers. 
First,  we  have  no  evidence  that  similar  amounts  of  water  evapotranspired  from 
19  m  irrigated  plots  more  rapidly  than  from  5-15  km  plots  that  were  watered  by 
natural  showers  (see  above).   Secondly,  we  believe  that  water  evaporated  from 
the  19  m  plots  less  rapidly  in  our  main  experiment  (described  in  other  reports) 
than  in  our  oasis  effect  experiment  (described  here).   We  so  feel  because  water 
added  in  the  main  experiments  was  applied  under  less  evaporative  conditions  of 
early  morning  (i.e.,  cooler,  more  humid,  and  lower  wind  velocity)  than  water 
applied  in  these  experiments  and  was  therefore  able  to  penetrate  to  deeper  soil 
layers  less  subject  to  evaporative  stresses.   As  noted  above,  if  water 
evapotranspired  at  similar  rates,  the  observed  yield  responses  observed 
accurately  represent  the  effects  of  supplemental  water.   On  the  other  hand,  if 
water  evaporates  more  rapidly,  yield  responses  will  be  underestimated  and  if 
water  evaporates  less  rapidly  yield  responses  will  be  overestimated. 

Firmer  conclusions  on  the  effects  of  light  showers  on  soil  water--or  plant 
growth--might  be  based  on  two  approaches.   First,  lysimeter  work,  unlikely  to 
occur  in  this  project,  might  be  used  to  better  relate  sizes  of  irrigation  event 
and  natural  showers.   Such  work  would  depend  on  increased  sample  size  (since 
much  of  the  variance  observed  in  Table  2  is  due  to  day-to-day  variation  in  the 
weather),  to  improved  equipment,  or  both.   The  small  increase  in  sample  size  to 
be  achieved  by  analysis  of  1979  lysimeter  data  cannot  be  expected  to  support 
significantly  firmer  conclusions.   Alternatively,  one  might  avoid  the  oasis 
effect  question  by  observing  plant  growth  after  individual  showers.   Analysis 
of  appropriate  data  sets  will  soon  by  underway. 
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GROWTH  RESPONSE  OF  AGROPYRON  SMITHII  and  BOUTELOUA  GRACILIS  TO 
WATER  AND  GRAZING  TREATMENTS 

By 

T.  Weaver  and  S.  McClelland 

Abstract 

Total  yield  of  both  Agropyron  smithii,  a  cool  season  grass,  and  Bouteloua 
gracilis ,  a  warm  season  grass,  was  greater  on  plots  harvested  at  the  end  of  the 
season  than  on  plots  harvested  periodically.   This  applied  to  irrigated  and 
unirrigated  plots  for  each  species.   The  higher  production  of  unmowed  grasses 
is  probably  due  to  greater  photosynthetic  surface  area.   It  is  speculated  that 
daylength  determines  the  seasonality  of  growth. 

Introduction 

A  considerable,  but  inconclusive,  literature  suggests  that  grazing  may 
stimulate  compensatory  growth  by  application  of  saliva  borne  growth  factors 
(Johnson  and  Baily  1972,  Reardon  et  al.,  1972-1974,  and  Dyer  1980)  or  other 
mechanisms  (McNaughton  1979)  .   Such  stimulation  might  also  be  attributed  to  the 
removal  of  dead  material  which  would  otherwise  shade  photosynthetic  surfaces. 
The  experiment  described  below  is  designed  to  test  the  hypothesis  that  certain 
mechanical  aspects  of  grazing  (i.e.  mowing,  but  not  trampling  or  hormonal 
stimulation)  stimulate  the  growth  of  two  grasses,  Agropyron  smithii  and 
Bouteloua,  gracilis  which  dominate  over  1.16  million  square  kilometers  of  the 
Great  Plains  of  North  America  (Kuchler  1964). 

Methods 

In  order  to  estimate  the  effects  of  grazing  on  forage  production,  the  total 
yields  of  plots  mowed  at  three  week  intervals  was  compared  with  the  total  yield 
of  alternate  plots  mowed  at  the  end  of  the  season  only.   As  explained  below, 
four  grasslands  were  studied:   dry  Agropyron,  irrigated  Agropyron,  dry 
Bouteloua,  and  irrigated  Bouteloua. 

The  experiments  were  conducted  at  two  sites,  one  dominated  by  Agropyron 
smithii  and  one  dominated  by  Bouteloua  gracilis .   Both  were  located  on  the  USDA 
Livestock  and  Range  Research  Station  near  Miles  City,  Montana.   At  Miles  City, 
normal  (30-year  average)  yearly  precipitation  is  355  mm  (14  in);  an  average  of 
14  mm  falls  monthly  in  October  through  March  and  33  mm  falls  monthly  in  April 
through  September,  with  exception  of  May  (53  mm)  and  June  (82  mm). 
Temperatures  average  23  C  (74F)  in  July  and  -9  C  (15F)  in  January.   More 
detailed  weather  statistics  appear  in  Weaver  (1980)  and  USDC  (1976-1979).   USDA 
Soil  Conservation  Service  personnel  (M.  Nichols,  Miles  City,  Montana)  described 
the  soil  of  the  Agropyron  site  as  a  well-drained,  fine,  montmorillonitic 
Borollic  Camborthid  with  plentiful  free  lime  at  20  cm  and  roots  to  1.5  m.   It 
was  identified  as  a  Kobar  silty  clay  loam  which  developed  on  alluvium  lying  in 
simple  relief  with  two  percent  north  slope.   The  soil  of  the  Bouteloua  site  was 
described  as  a  well-drained,  fine  loamy,  frigid  calcareous  Ustic  Torriorthent 
with  plentiful  free  lime  at  75  cm  and  roots  to  105  cm;  it  was  identified  as  a 
Havre  variant  loam  developed  on  a  high  alluvial  terrace  with  simple  relief  and 
a  one  percent  east  slope. 
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Previous  cattle  grazing  at  the  Agropyron  site  was  light  and  was 
discontinued  two  years  before  the  experiment  began.   Previous  grazing  at  the 
Bouteloua  site  was  heavier  since  it  was  only  100  m  from  a  stock  water  tank,  and 
was  discontinued  in  the  winter  preceding  our  study.   Mowing  and  irrigation 
treatments  similar  to  those  used  in  this  study  were  used  in  1979.   Data  from 
that  study  have  not  yet  been  summarized. 

At  each  site  the  effects  of  grazing  were  compared  on  plots  receiving 
natural  rainfall  with  others  receiving  weekly  sprinkler  irrigations  of  25  mm. 
Water  treatment  differences  were  large  because  both  1979  and  1980  were 
exceptionally  dry  years  (cf  Table  1) . 

The  experimental  plots  were  approximately  6  x  24  m.   These  plots  were 
subdivided  into  2  x  6  m  subplots  of  which  one-half  (alternate  subplots)  were 
given  a  moderate  simulated  grazing  treatment  during  the  season  and  one-half 
were  harvested  (mowed)  at  the  end  of  the  season  only  as  a  means  to  determine 
total  production  for  the  year.   Grazing  was  simulated  by  cutting  the  grass  with 
a  lawn  mower  and  collecting  the  cut  material  in  grass  catching  attachment.   The 
mower  was  set  at  a  height  of  7  cm  in  the  Bouteloua  grassland  and  at  10  cm  in 
the  Agropyron  grassland.   These  grazing  heights  are  about  normal  for  Agropyron 
and  higher  than  those  observed  in  nearby  Bouteloua  grasslands.   Before  each 
plot  was  mowed,  sparse  shrubs  and  forbs  were  clipped  from  the  experimental 
plots  so  that  their  responses  could  be  recorded  separately.   Clippings  were 
oven  dried  (50  C)  to  constant  weight,  shaken  above  a  1 . 5  x  1  mm  screen  to 
remove  any  soil  particles  picked  up  by  the  mower,  and  weighed. 

Results  and  Conclusions 

Despite  their  warm  and  cool  season  classifications,  the  seasonal 
distribution  of  growth  in  Agropyron  smithii  and  Bouteloua  gracilis  were  very 
similar.   Growth  of  both  began  before  mid- June,  peaked  in  late  July,  and  showed 
no  evidence  of  continuing  past  11  August.   Growth  rates  in  late  August  --  even 
in  irrigated  plots  --  were  very  small  (Figure  1).   The  rates  may  have  dropped 
in  late  July  due  to  a  lack  of  resources  needed  for  growth  (e.g.  water  in  dry 
plots  or  nutrients  in  wet  plots).   More  likely  an  environmental  cue,  perhaps 
decreasing  daylength,  (Forcella  and  Weaver  1976),  was  sensed  by  the  plants 
causing  them  to  shift  photosynthate  from  aboveground  growth  to  belowground 
storage . 

Although  the  authors  assumed  that  growth  in  unmowed  plots  paralleled  that 
in  mowed  plots,  one  could  argue  that  it  began  at  the  same  time,  had  a  higher 
rate  after  30  June  due  to  greater  photosynthetic  surface,  and  might  have  had  a 
lower  rate  after  23  June  if  nutrient  resources  were  exhausted  earlier.   Total 
yields  in  the  ungrazed  wet  plots  were  about  130  percent  of  those  harvested  in 
the  grazed  wet  plots.   Yields  in  unwatered  plots  of  neither  grassland  was 
significantly  affected  by  mowing  (Table  2  and  Figure  1). 

The  relative  yield  increases  in  unmowed,  irrigated  plots  is  attributed  to  a 
higher  average  photosynthetic  surface  area.   Such  a  response  would  be  expected 
in  any  grassland  that  was  light  saturated  at  all  seasons  or  that  became  light 
saturated  only  late  in  the  growing  season.   On  the  other  hand,  one  should  be 
able  to  increase  yields  in  very  dense  grasslands  by  maximizing  net 
photosynthesis  through  removal  of  older  leaves  with  low  net  photosynthetic 
rates  to  increase  light  available  to  younger  leaves  with  higher  rates  of  net 
photosynthesis . 
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Figure  1 .   Production  response  of  Bouteloua  gracilis  (BOGR)  and  Agropyron 
smithii  (AGSM)  to  water  and  grazing  treatments.   Lines  indicate  production 
on  periodically  mowed  plots.   The  solid  line  shows  standing  crop  biomass 
(above  7-10  cm,  see  methods)  and  the  dashed  line  shows  cumulative 
biomass  production.   Total  end-of-season  standing  crop  biomass  for  plots 
is  indicated  by  the  triangular  solids. 
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Table  1.   Water  (mm)  received  by  dry  and  wet  grazing  plots  during  1980 

Site 
Treatment 


Month 

Sept-April 

May 

June 

July 

August 


Agropyron 

Boute 

iloua 

dry 

wet 

dry 

wet 

59 

59 

57 

57 

5 

28 

4 

30 

23 

118 

27 

100 

4 

123 

20 

162 

15 

109 

17 

121 
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THE  EFFECT  OF  SINGLE  SHOWER  EVENTS 
ON  YIELDS  OF  AGROPYRON  SMITHII 

By 
C.  Johnson,  J.  Birkby  and  T.  Weaver 

Abstract 

The  yield  of  Agropyron  smithii  increased  215  percent,  185  percent  and  129 
percent  over  the  control  treatment  with  simulated  single  showers  of  100  mm,  50 
mm,  and  25  mm,  respectively.   However,  there  was  no  apparent  response  to 
showers  of  12  mm  or  less. 

Introduction 

Most  studies  concerning  the  potential  effects  of  weather  modification, 
whether  correlative  (reviewed  by  Collins  and  Weaver  1978)  or  experimental 
(Collins  and  Weaver  1978,  Weaver  et  al.,  1981,  and  Lauenroth  et  al.,  1978), 
have  considered  the  effects  of  repeated  water  additions.   In  contrast,  this 
study  considered  the  yield  response  of  Agropyron  smithii  grasslands  to  single 
showers  of  differing  sizes  and  in  different  seasons.   This  Agropyron  smithii 
type  was  studied  because  it  covers  approximately  437,000  sq  km   (170,000  sq  mi) 
of  the  North  American  Great  Plains  (Kuchler  1964) . 

Methods 

The  yield  of  a  once-irrigated  plot  was  compared  with  that  of  a  nearby 
unirrigated  plot  to  determine  the  effect  of  a  single  shower  on  vegetation 
yield.   As  detailed  below,  this  basic  experiment  was  used  to  assess  the  yield 
effect  of  various  shower  sizes  during  several  years  and  on  several  dates. 

The  study  site  was  an  essentially  pure  Agropyron  smithii  grassland  on  the 
U.S.  Livestock  and  Range  Experiment  Station,  Miles  City,  Montana.   USDA  U.S. 
Soil   Conservation  Service  personnel  (M.  Nichols,  Miles  City,  Montana) 
described  the  soil  of  the  site  as  being  a  well-drained,  fine,  montmorillonitic 
Borollic  Camborthid  with  plentiful  free  lime  at  20  cm  and  roots  to  1.5  m.   It 
was  identified  as  a  Kobar  silty  clay  loam  which  developed  an  alluvium  lying  on 
simple  relief  with  2  percent  north  slope.   Normal  (30-year  average) 
precipitation  was  355  mm  (14  in)  per  year  with  an  average  of  14  mm  monthly  in 
October  through  March  and  33  mm  in  April  through  September  with  the  exception 
of  May  (53  mm)  and  June  (82  mm) .   Temperatures  average  23  C  (74  F)  in  July  and 
-9  C  (15  F)  in  January.   More  detailed  weather  statistics  appear  in  Weaver 
(1980)  and  USDC  (1976-1979). 

The  study  consisted  of  four  related  experiments.   Experiment  I  was 
undertaken  to  precisely  compare  the  effects  of  small  simulated  showers  applied 
on  four  dates  in  1980--1  July,  24  July,  29  July,  and  27  August.   To  accomplish 
this,  four  6.5  x  6.5  m  plots  were  selected  for  their  within-  and  between-plot 
homogeneity.   In  each  plot,  four  2.5  x  2.5  m  subplots  with  10  cm  borders  and  30 
cm  access  paths  were  permanently  outlined.   These  subplots  were  randomly 
assigned  to  control,  and  6  mm,  12  mm,  and  25  mm  water  addition  treatments.   To 
assure  maximum  uniformity  of  application,  water  was  applied  during  windless 
evenings  with  a  water  can  having  a  10  cm,  fine-hole  nozzle.   Although  the 
experiment  was  not  replicated  on  any  one  date  it  was  repeated  on  the  four  dates 
listed  above. 


267 


Experiments  II  and  III  involved  determining  the  effects  of  large  single 
showers  of  50  mm  and  100  mm  on  two  nearby  plots,  also  selected  for  their 
uniformity.   The  50  mm  subplots  (Experiment  II),  located  in  a  14  x  28  m  area, 
were  7  x  7  m  in  size  and  were  watered  with  Rainjet  sprinklers  on  17  September 
1979,  and  12  May,  16  June,  14  July,  or  18  August  1980.   The  100  mm  subplots, 
located  in  a  12  x  215  m  area,  were  3  x  6  m  in  size;  each  forenight  during  the 
summer  months  of  1979  and  1980  one  subplot  was  watered  with  rainjet  sprinklers 
(table  1).   Experiment  III  was  repeated  twice  with  one  replication  receiving 
two  artificial  flashes  of  light  during  the  night  which  lasted  30  minutes  each. 
Since  no  response  to  the  light  flashes  was  seen  in  either  1979  or  1980,  the 
data  were  pooled.   Irrigation  dates  were  randomly  assigned  to  subplots.   Burlap 
screens  were  erected  during  irrigations  to  prevent  any  drift  of  water  between 
plots.   Other  details  of  the  irrigation  treatments  are  summarized  by  Weaver  et 
al.  (1981). 

Vegetation  yield  responses  were  measured  by  clipping  quadrats  which  were 
selected  before  the  experiment  was  begun  or  uniformity  within  and  across 
subplots.   Plants  were  clipped  at  ground  level  in  30  x  60  cm  quadrats, 
separated  into  forbs  and  grasses,  dried,  and  weighed.   Harvests  were  made  on  6 
October  1979  and  11  October  1980.   Six  quadrats  were  harvested  from  the  small 
shower  plots  (Experiment  I),  ten  quadrats  were  harvested  from  the  50  mm  plots 
(Experiment  II),  and  six  quadrats  were  harvested  from  the  100  mm  plots 
(Experiment  III). 

Experiment  IV,  similar  to  experiment  III,  was  performed  in  1977.   Similar  6 
x  6  m  plots,  dominated  by  Agropyron  smithii,  were  watered  on  28  July,  23 
August,  and  26  September  1977  with  124,  127,  and  163  mm  of  water  respectively 
to  wet  the  soil  to  a  depth  more  than  25  cm.   Forage  from  ten  30  x  60  cm 
quadrats  was  clipped  on  10  November,  dried,  and  weighed.   Due  to  a  lack  of 
space,  this  experiment  was  not  replicated. 

Results  and  Conclusions 

Yield  of  Agropyron  smithii  increased  exponentially  with  progressively 
larger  single  showers  (Figure  1) ;  just  as  the  yield  responses  of  Agropyron  and 
bouteloua  did  with  periodic  watering  (Weaver  1981).   Average  yield  responses 
corresponding  to  0  mm,  6  mm,  12  mm,  25  mm,  50  mm,  and  100  mm  of  added  water 
were  34,  36,  35,  44,  63,  and  73  gm/sq  m,  or  100,  106,  103,  129,  185,  and  215 
percent  of  the  control.   Increases  due  to  showers  of  25,  50,  and  100  mm  are 
statistically  significant  (p  less  than  0.05,  t-test).   Relative  yield  increases 
would  likely  have  been  lower  in  a  less  droughty  year  as  they  were  in  the  less 
droughty  years  experienced  in  the  periodic  watering  experiments  discussed 
elsewhere  in  this  report  (Weaver  1981) . 

The  failure  of  grasses  to  produce  more  above  ground  material  in  response  to 
water  additions  smaller  than  25  mm  might  be  attributed  to  any  of  several 
factors.   Although  it  is  conceivable  that  this  could  be  due   to  the  oasis 
effect,  McClelland  and  Weaver  (1981)  have  shown  that  water  from  the  irrigations 
probably  have  lasted  at  least  half  as  long  and  perhaps  longer  than  water 
applied  from  natural  showers.   Since  the  soils  were  very  dry  in  the  summers  of 
1977,  1979,  and  1980,  water  from  simulated  6  mm  showers  may  not  have  percolated 
down  to  a  horizon  containing  active  roots;  water  from  simulated  12  mm  showers 
probably  just  reached  this  layer,  and  water  from  simulated  25  mm  showers  surely 
penetrated  well  into  this  zone  (Weaver  1981).   It  is  possible  that  drought 
stressed  Agropyron  smithii  plants  cannot  respond  immediately  to  the  relief  of 
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TREATMENT,  mm 


Figure  1.   Yield  response  of  Agropyron  smithii  vegetation  to  single  showers. 
Shaded  portions  of  the  bars  indicate  grass  yield,  clear  portions  indicate 
forb  yield,  and  vertical  lines  indicate  standard  errors  (n  =  6-10).   0-25  mm 
irrigations  occurred  on  (L  to  R)  1  July,  7  July,  29  July,  and  27  August. 
50  mm  irrigations  were  applied  (L  to  R)  on  15  June,  15  July,  15  August, 
and  15  September.   100  mm  irrigations  were  applied  (L  to  R)  on  6  July, 
23  July,  30  July,  and  30  August. 
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drought  (Forcella  and  Weaver  1976)  and,  if  so,  that  water  may  have  evaporated 
before  it  could  be  used  profitably  by  the  plants.   It  is  also  possible,  that 
Agropyron  did  respond  but  the  resultant  photosynthates  were  allocated  to  below- 
ground  structures. 

Table  1  presents  the  results  of  heavy  shower  (100-125  mm)  experiments  which 
were  performed  in  dry  1977,  1979,  and  1980.   The  data  suggest  a  weakly  seasonal 
response  that  is  relatively  small  in  June,  larger  in  late  July,  and  declines  in 
late  August  and  September.   The  responses  in  June  and  July  may  be 
underestimated  because  growth  resulting  from  early  season  watering  may  have 
dried  and  been  transferred  to  the  litter  layer  and  thus  was  lost  to  the  fall 
clipping.   If  these  results  indicate  aestivation,  it  may  have  been  induced  by 
such  external  factors  as  heat,  drought,  or  photoperiod  or  by  such  internal 
factors  as  achievement  of  a  mature  size  (cf  Forcella  and  Weaver  1976) . 
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Table  1.   Yields  of  an  Agropyron  smithii  grassland  receiving  single 
irrigations  (100  mm  )  at  different  seasons.  Dates  of  water  additions  are 
listed  in  the  far  right  column  and  the  seasons  discussed  (text)  are  indicated 
by  cross  ruling.   Yields  measured  with  a  fall  harvest  are  expressed  as  mean  ± 
one  se  where  n  =  10  in  1977  and  n  =  6  in  1979  and  1980  (see  methods). 

YIELD  RESPONSES  (gm/m2  )2 


Irrigation   1977 


1979 


1980 


1980 


Dates 


(EXPIV)      (EXPIII) 
AL    AL     LT 


AV 


AL 


(EXPIII) 

LT     AV 


(EXPII) 
AL 


Control 

(no  water)   57±2 


35±2    26±3 


31±2 


30±7 


27±6    29±4 


31±4 


June  16 
19 


33±3    51±3 


42±4 


57±6 


July  2 
4 

7 


75±3    82±12J   79±6 


63±8 
73±7 


41±5    52±6 
65±9    69±6 


14 
16 
23 
28 
30 


138±14 


55±9    106±83   81±6 


98±21    67±8    83±12 
122±14    93±6    107±9 


63±5 


Aug  1 


92±8 


122±10    107±8 


14 
15 
23 
28 
29 


104±3 


48±3    72±9     60±6 


72±9    77±3     74±4 


77±7     97±7    87±5 


68±9 


Sept  26 


59±6 


Oct  7 
11 


50±4 


50±4 


35±5 


35±5 
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Table  1  (continued) 


1.  Irrigations  were  100  mm  in  1979  and  1980  (experiment  III);  and  125-160  mm 
in  1977  (experiment  IV) . 

2.  Treatments  are  abbreviated,  where  AL  is  ambient  light,  while  LT  is  where 
the  night  was  broken  by  two,  30-minute  fluorescent  light  flashes.   Treatments 
AL  and  LT  were  averaged  (AV)  in  Experiment  II  (1979  and  1980). 

3.  Excess  water  may  have  overrun  these  two  plots. 
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DISTRIBUTION  OF  ROOT  BIOMASS 
IN  WELL  DRAINED  SURFACE  SOILS. 

By 

T.  Weaver 

Abstract 

In  nine  northern  Rocky  Mountain  vegetation  types  fine  root  biomass  peaks  in 
the  one  to  six  centimeter  soil  layer  and  declines  both  upward  and  downward. 
The  interception  of  rainfall  by  surface  soils  (0-1  cm)  which  are  essentially 
devoid  of  root  may  prohibit  the  use  of  light  (2-6  mm)  dry  season  rainshowers  in 
vegetation  types  dominated  by  Bouteloua  gracilis ,  Stipa  comata,  Agropyron 
smithii ,  Hordeum  vulgare ,  and  Medicago  sativa. 

Introduction 

Root  biomass  usually  declines  exponentially  with  soil  depth  (Troughton 
1957,  Russell  1973).   For  example,  in  topsoils  (0  to  60  cm)  of  the  northern 
Rocky  Mountains,  55  to  65  percent  of  the  fine  roots  (i.e.,  less  than  1  mm  in 
diameter)  are  found  in  the  0  to  20  cm  layer,  20  to  27  percent  are  found  in  the 
20  to  40  cm  layer,  and  6  to  25  percent  are  found  in  the  40  to  60  cm  layer  under 
vegetation  types  ranging  from  Agropyron  spicatum  grasslands  to  Artemsia 
tridentata  shrublands  to  forests  of  Pseudotsuga  menziesii,  Abies  lasiocarpa,  or 
Populus  tremuloides  (Weaver  1977).   The  decline  in  root  quantity  with  depth  may 
be  due  to  deterioration  of  environmental  conditions  with  depth  (e.g.,  lack  of 
oxygen  in  moist  environments  or  lack  of  water  in  dry  environments)  or  to 
genetic  regulation  of  plant  proportions. 

One  may  speculate  however,  that  root  biomass  in  the  uppermost  soil  layer 
will  also  be  very  low  because  surface  soils  provide  a  harsh  environment  for 
roots  (i.e.,  An  environment  in  which  damage  by  heat,  drought,  trampling  or 
herbivory  is  likely).   If  this  is  the  case,  the  actual  distribution  of  root 
biomass  in  the  soil  may  be  best  described  by  a  Poisson-like  curve  formed  by  the 
intersection,  perhaps  near  5  cm,  of  a  curve  increasing  exponentially  with  depth 
and  a  curve  decreasing  exponentially  with  depth.   The  work  presented  below 
describes  root  distribution  in  surface  soils  under  nine  vegetation  types  as  a 
test  of  the  hypothesis  that  root  biomass  is  generally  low  near  the  surface. 

Methods 

Root  distribution  in  the  surface  soils  was  determined  by  washing  roots  from 
soil  cores  taken  under  representative  stands  of  major  vegetation  types  lying 
between  the  dry  plains  and  alpine  tundra  of  Montana.   A  dry  Stipa  comata 
grassland  near  Three  Forks  was  serai  to  an  adjacent  Boutoula  gracilis -Stipa 
comata  grassland;  the  two  were  separated  by  a  fence.   The  Agropyron  smithii 
site  lay  in  a  climatically  similar  site  near  Miles  City.   A  moister  Agropyron 
spicatum -Bouteloua  gracilis  grassland  lay  near  Belgrade.   The  Festuca 
idahoens is -Agropyron  spicatum  grassland  and  Pseudotsuga  menziesii -Car ex  geyerii 
forest  were  near  Bozeman.   The  barley  (Hordeum  vulgare)  and  alfalfa  (Medicago 
sativa)  vegetation  appeared  on  former  Festuca  idahoens  is -Agropyron  spicatum 
grassland  sites  south  of  Bozeman.   The  wettest  site  (Deschampsia  caespitosa- 
Carex  spp. )  lay  near  Island  Lake  on  the  Beartooth  Plateau  above  Red  Lodge. 
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Mueggler  and  Handl  (1974)  describe  the  native  vegetation  types.   All  samples 
were  collected  in  August  of  1976  with  exception  of  the  Agropyron  smithii  data 
which  were  collected  in  September  of  1977. 

Soil  cores  taken  with  an  Oakfield  sample  were  divided  into  six  segments 
representing  the  0-1,  1-2,  2-4,  4-6,  6-8,  and  8-10  cm  horizons.   The  two  cm 
cores  were  measured  and  divided  into  appropriate  segments  with  a  sharp  knife. 
If  the  soil  was  not  moist  enough  to  produce  perfect  cores,  the  soil  was  wetted 
and  cored  the  following  day. 

Three  samples  were  taken  at  each  site.   The  first  was  a  pooled  sample  of 
ten  cores  taken  at  one  meter  intervals  along  a  tapeline  stretched  across  the 
site.   The  second  and  third  samples  also  consisted  of  ten  cores  each;  these 
were  taken  on  transects  parallel  to  and  30  cm  from  the  first  transect.   Soil 
cores  were  always  taken  between  plants. 

Roots  were  extracted  from  each  sample  in  the  laboratory.   Samples  were 
soaked  overnight  in  Calgon  (sodium-hexametaphosphate)  solution  to  soften  them 
and  disperse  the  clays.   They  were  softened  further  by  stirring  them  gently 
with  a  table  fork.   Soils  in  the  dispersed  sample  were  washed  through  a  0.5  mm 
sieve  with  gently  running  water.   Organic  matter,  sand,  and  rocks  remaining  on 
the  screen  were  transferred  to  a  500  ml  beaker  of  water.   The  organic  matter 
was  decanted  off  and  transferred  to  ashless  filter  paper  to  dry.   The 
proportion  of  organic  matter  that  was  root  material  (5  to  95  percent)  was 
estimated  by  sight.   Finally  the  samples  were  ashed  to  get  ash-free  weights 
(i.e.,  to  remove  soil  which  could  not  be  removed  without  loss  of  root 
material) . 

Results  and  Discussion 

Root  biomass  is  expected  to  decline  toward  the  soil  surface  if 
environmental  conditions  are  limiting  there.   Root  biomass  in  the  0  to  1  cm 
layer  was,  in  fact,  lower  than  that  in  the  1  to  2  cm  layer  under  every 
vegetation  type  studied  (Figure  1).   The  root  biomass  in  the  0  to  1  cm  horizon, 
expressed  as  a  percent  of  the  0  to  2  cm  biomass  is  smaller  in  dry  grasslands 
(Bouteloua  gracilis  0%,  Stipa  comata  0%,  and  Agropyron  smithii  6%)  than  in 
moister  grasslands  (Agropyron  spicatum  27%,  Festuca  idahoensis  49%,  and 
Deschampsia  caespitosa  21%).   This  is  probably  due  to  the  more  severe  or  more 
prolonged  drought  conditions  in  dry  grasslands.   It  is  not  clear  why  the 
percentage  of  roots  in  the  upper  half  of  the  0  to  2  cm  layer  is  smaller  under 
crops  (Hordeum  vulgare  0%  and  Medicago  sativa  0%)  than  under  grasslands  growing 
in  the  same  climatic  zone  (Festuca  idahoensis  49%) . 

Perhaps  roots  would  not  have  been  as  scarce  in  the  0  to  1  cm  layer  if  they 
had  been  sampled  in  the  spring  rainy  season  instead  of  the  summer  drought. 
This  possibility  was  tested  in  the  Agropyron  smithii  grassland,  where  the  upper 
half  of  the  0  to  2  cm  horizon  held  10  percent  of  the  roots  on  28  April  1978,  10 
percent  on  19  June  1977,  and  12  percent  on  15  September  1977. 

Although  peak  root  biomasses  are  not  at  the  surface,  they  are  near  the 
surface,  and  especially  so  under  moist  conditions.   Maximum  values  for  root 
weights  were  observed  in  the  0  to  2  cm  layer  under  Agropyron  spicatum,  Festuca 
idahoensis ,  and  Deschampsia  caespitosa  and  in  the  2  to  6  cm  layer  under  the 
remaining  vegetation  types  studied. 
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Figure  1.   Root  biomasses  (gm/m  )  in  surface  soils.   Bar  lengths  indicate 
biomasses  in  2  cm  horizons;  the  unshaded  part  of  the  uppermost  bar 
indicates  the  biomass  in  the  0  to  1  cm  horizon.   Vertical  lines  at  the  end 
of  each  bar  indicate  the  standard  error  of  the  mean  presented  (n=3). 
Vegetation  types  considered  are  Bouteloua  gracilis  (BOGR) ,  Stipa  comata 
(STCO) ,  Agropyron  smithii  (AGSM) ,  Agropyron  spicatum  (AGSP) ,  Festuca 
idahoensis  (FEID)  ,  Hordeum  vulgare  (HOVU) ,  Medicago  sativa  (MESA) , 
Pseudotsuga  menziesii  (PSME) ,  and  Deschampsia  caepitosa  (DECA) . 
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The  near  absence  of  roots  from  a  surface  layer  of  the  soil  may  affect  the 
ability  of  a  vegetation  type  to  use  a  light  summer  shower  as  this  soil  layer 
will  intercept  water  just  as  the  canopy  of  the  vegetation  does.   One  centimeter 
of  dry  soil  will  hold  between  1  and  6  mm  of  rainfall  (assuming  a  bulk  density 
of  1.5  gm/cc,  and  clay  contents  between  10  and  50%,  Decker  1972). 
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